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Abstract  (continued) 

terial.  This,  however,  is  not  possible  for  turbine  blades  bccau; 
of  strength  considerations,  and  the  coolant  is  injected  through 
one  or  several  rows  of  holes.  For  aircraft  gas  turbines,  air  is 
used  as  a  coolant. 

The  present  investigation,  therefore,  is  concerned  with  the  cool 
ing  performance  of  film  cooling  when  cooling  air  is  injected  in*< 
the  boundary  layer  throuqh  one  or  two  rows  of  holes.  A  standard 
conf iquration  of  the  coolant  holes  is  used  because  it  has  boon 
used  in  previous  investigations  and  because  configurations  in  .i<: 
tual  turbine  blades  are  close  to  it.  The  cooling  holes  arc  ,n  - 
ranged  at  a  distance  apart  equal  to  three  times  the  hole  tliaim-i-- 
For  injection  throuqh  two  rows  of  holes,  the  two  rows  arc  stag¬ 
gered  and  the  centers  of  the  holes  are  on  the  corners  of  equila¬ 
teral  triangles.  The  channels  which  end  at  the  blade  skin  in  la- 
cooling  holes  are  inclined  by  an  angle  of  35°  against  the  skin 
surface  in  the  downstream  direction. 

All  experiments  were  conducted  with  air  in  the  mainstream  and  a:; 
a  coolant.  The  velocities  were  of  the  order  of  20  m/s  and  tem¬ 
perature  differences  were  kept  small.  The  effects  of  Mach  numbe 
and  aerodynamic  heating  are,  therefore,  not  included.  In  a  gas 
turbine,  the  highest  temperature  is  that  in  the  mainstream,  the 
coolinq  air  is  the  lowest,  and  the  skin  temperature  has  values  ii 
between.  The  heat  flux  at  the  skin  surface  is  directed  from  the 
boundary  layer  into  the  skin.  The  experiments  are  performed  wit' 
the  cooling  air  havinq  the  highest  temperature  and  the  heat  flux 
having  the  direction  from  the  skin  into  the  boundary  layer.  Thi-- 
results  in  better  experimental  arrangements.  Film  cooling  effec¬ 
tiveness  values  and  heat  transfer  coefficients  are  independent  o 
the  direction  of  the  heat  flux  as  long  as  temperature  difference: 
involved  are  sufficiently  small  to  consider  the  transport  proper¬ 
ties  involved  as  constant. 
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INTRODUCTION 

Film  cooling  is  used  extensively  for  the  blades  of  high- 
performance,  high-temperature  gas  turbines,  especially  for  air¬ 
craft  gas  turbines.  In  this  method,  a  film  of  coolant  is  in¬ 
jected  into  the  boundary  layer  covering  the  skin  of  the  blades 
and  creating  a  cool  layer  which  separates  the  blade  surface  from 
the  hot  gas  stream  and,  in  this  way,  reduces  the  blade  tempera¬ 
ture.  For  best  performance  the  coolant  should  be  injected 
through  a  slot  or  a  strip  of  porous  material.  This,  however,  is 
not  possible  for  turbine  blades  because  of  strength  considera¬ 
tions,  and  the  coolant  is  injected  through  one  or  several  rows  of 
holes.  For  aircraft  gas  turbines,  air  is  used  as  a  coolant. 

The  present  investigation,  therefore,  is  concerned  with  the 
cooling  performance  of  film  cooling  when  cooling  air  is  injected 
into  the  boundary  layer  through  one  or  two  rows  of  holes.  A 
standard  configuration  of  the  coolant  holes  is  used  because  it 
has  been  ised  in  previous  investigations  and  because  configura¬ 
tions  in  actual  turbine  blades  are  close  to  it.  The  cooling 
holes  are  arranged  at  a  distance  apart  equal  to  three  times  the 
hole  diameter.  For  Injection  through  two  rows  of  holes,  the  two 
rows  are  staggered  and  the  centers  of  the  holes  are  on  the  cor¬ 
ners  of  equilateral  triangles.  The  channels  which  end  at  the 
blade  skin  In  the  cooling  holes  are  inclined  by  an  angle  of  35° 
against  the  skin  surface  In  the  downstream  direction.  ^ 

All  experiments  were  conducted  with  air  In  the  mainstream 
and  as  a  coolant.  The  velocities  were  of  the  order  of  20  m/s  and 
temperature  differences  were  kept  small.  The  effects  of  Mach 
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number  and  aerodynamic  heating  are,  therefore,  not  included.  In 
a  gas  turbine,  the  highest  temperature  is  that  in  the  mainstream, 
the  cooling  air  temperature  is  lowest,  and  the  skin  temperature 
has  values  in  between.  The  heat  flux  at  the  skin  surface  Is  di¬ 
rected  from  the  boundary  layer  into  the  skin.  The  experiments 
are  performed  with  the  cooling  air  having  the  highest  temperature 
and  the  heat  flux  having  the  direction  from  the  skin  into  the 
boundary  layer.  This  results  in  better  experimental  arrange¬ 
ments.  Film  cooling  effectiveness  values  and  heat  transfer  coef¬ 
ficients  are  independent  of  the  direction  of  the  heat  flux  as 
long  as  temperature  differences  involved  are  sufficiently  small 
to  consider  the  transport  properties  involved  as  constant. 

Parameters  Describing  the  Heat  Transfer  Performance 

The  temperatures  determining  convective  cooling  of  a  bound¬ 
ary  layer  are  the  temperature  of  the  mainstream  and  the  wall  sur¬ 
face  temperature.  Sometimes  the  heat  flux  from  the  surface  into 
the  airstream  is  prescribed  instead  of  the  surface  temperature. 
Film  cooling  performance  depends  on  an  additional  temperature 
--namely,  that  with  which  the  coolant  leaves  the  injection  holes. 
Various  methods  are  possible  to  systematically  describe  the  ef¬ 
fect  of  these  parameters  on  the  heat  transfer  performance  of  film 
cooling.  One  way,  which  Is  extensively  used  in  publications  on 
film  cooling.  Is  based  on  two  parameters:  a  film  cooling  effec¬ 
tiveness  and  a  specially-defined  heat  transfer  coefficient.  The 
film  cooling  effectiveness  parameter  is 
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In  this  equation,  T*  is  the  mainstream  temperature  (the  recovery 
temperature  has  to  be  used  when  the  effect  of  aerodynamic  heating 
becomes  important).  Te  is  the  temperature  at  which  the  cooling 
air  enters  the  boundary  layer.  Taw  is  that  temperature  which  a 
location  of  the  cooled  surface  under  consideration  assumes  in 
film  cooling  provided  no  heat  passes  through  the  surface. 

Gas  turbine  blades  are  equipped  with  internal  cooling  in  ad¬ 
dition  to  the  film  cooling  and,  correspondingly,  in  general,  heat 
passes  through  the  skin  surface  and  is  picked  up  by  the  internal 
cooling  air  flow  or  is  conducted  away  within  the  skin.  A  heat 
transfer  coefficient  is  introduced  to  describe  this  situation  and 
is  defined  by  Eq.  2 


q  =  h  (Tw  -  Taw) 


(2) 


in  which  q  denotes  the  heat  flux  through  the  skin  surface  per 
unit  time  and  area  and  h  is  the  heat  tranfer  coefficient.  It  can 
be  seen  that  it  is  defined  with  the  difference  between  the  actual 
wall  temperature,  Tw,  and  that  temperature  which  the  wall  surface 
assumes  under  adiabatic  conditions.  Equation  2  has  the  advantage 
that  It  makes  the  heat  flux  zero  when  the  wall  temperature,  Tw, 
is  equal  to  the  adiabatic  wall  temperature,  Taw,  as  required  by 
definition.  Many  experiments  have  also  established  that  the  heat 
transfer  coefficient  defined  by  this  equation  differs  little  from 
the  heat  transfer  coefficient  which  exists  on  a  surface  exposed 
to  a  boundary  layer  flow  without  film  cooling  as  long  as  one  ex- 
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eludes  conditions  in  the  close  neighborhood  of  the  injection 
holes.  This  makes  it  possible  to  use  the  extensive  amount  of  in¬ 
formation  which  is  available  on  normal  convective  cooling  in  pre¬ 
dicting  the  heat  transfer  performance  of  film  cooling.  Equations 
1  and  2  are  obtained  by  superposition  of  solutions  for  the  energy 
equation  describing  film  cooling  which  is  linear  in  temperature 
when  the  properties  determining  the  flow  and  heat  transfer  can  be 
considered  as  constant  and  having  the  same  value  for  the  main¬ 
stream  fluid  and  the  coolant. 

A  different  method  has  been  proposed  and  is  used  for  full- 
coverage  film  cooling  in  which  all  of  the  surface  to  be  cooled  is 
provided  with  a  regular  pattern  of  holes  through  which  a  coolant 
is  injected.  The  process  approaches  in  the  limit  of  an 
i nf i nitely-1 arge  number  of  i nf i ni tely-sma 1 1  holes  the  transpira¬ 
tion  cooling  method,  and  the  parameters  which  have  been  used  in 
transpiration  cooling  are  being  used  to  also  describe  full- 
coverage  film  cooling.  For  the  normal  film  cooling  processes 
which  are  considered  here,  the  method  using  Eqs.  1  and  2  has  the 
advantage  listed  above  and  is  therefore  preferable. 

The  Effect  of  Curvature  of  a  Turbine  Blade  on  Film  Cooling  Per¬ 
formance 

The  majority  of  research  papers  published  on  film  cooling 
describe  the  results  of  experiments  In  which  a  flat  plate  Is  used 
as  the  film-cooled  wall.  Experiments  obtained  in  this  way  were 
used  in  design  calculations  for  gas  turbine  blades  based  on  the 
reasoning  that  the  heat  transfer  process  in  a  boundary  layer  is 
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influenced  by  surface  curvature  only  indirectly  through  the  pres¬ 
sure  variation  in  the  main  stream  as  long  as  the  boundary  layer 
thickness  is  small  compared  to  the  radius  of  the  surface  curva¬ 
ture.  For  three-dimensional  film  cooling  this  may  not  apply  be¬ 
cause  the  jets  leaving  the  holes  sometimes  penetrate  deep  into  or 
through  the  boundary  layer.  A  series  of  experiments,  which  are 
described  in  detail  in  Appendices  1  and  2,  have,  therefore,  been 
performed  in  our  laboratory  to  study  the  effect  of  surface  curva¬ 
ture  on  film  cooling  with  injection  through  holes. 

The  experiments  were  performed  in  a  cascade  tunnel  described 
in  Appendix  1.  Six  blades  with  the  shape  shown  in  Fig.  1  are  lo¬ 
cated  in  the  channel  and  the  two  central  blades  are  equipped  with 
either  one  or  two  rows  of  cooling  holes.  The  blade  shape  is  the 
same  for  the  experiments  with  one  row  of  holes.  The  following 
parameters  determine  the  film  cooling  performance.  The  main  flow 
Reynolds  number,  Reg,  is  defined  with  the  freestream  velocity, 
V„,  at  the  outer  edge  of  the  boundary  layer,  the  density  and  vis¬ 
cosity  of  the  main  flow,  and  the  diameter,  D,  of  the  cooling 
holes.  This  Reynolds  number  had  a  value  of  approximately  3000, 
which  Is  close  to  the  value  In  actual  gas  turbines;  the  ratio  of 
the  displacement  thickness  of  the  boundary  layer  to  the  hole  di¬ 
ameter  was  approximately  0.09  in  our  experiments;  the  ratio,  M  = 
Pe^e/p-V,,  the  mass  flux  of  cooling  air  leaving  the  injection 
holes  to  the  mass  flux  in  the  main  stream  had  values  between  0.2 
and  2.  The  effectiveness  also  depends  on  the  laminar  or  turbu¬ 
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shown  in  Appendix  3.  Both  streams  were  turbulent  in  the  present 
study. 

A  heat-mass  transfer  analogy  was  used  in  the  present  experi¬ 
ments.  The  mainstream  air  and  the  cooling  air  were  at  the  same 
temperature.  Mass  transfer  was  created  within  the  boundary  layer 
in  a  way  that  a  different  gas  (helium,  freon)  was  mixed  with  the 
"cooling"  air  and  was  injected  into  the  interior  of  the  hollow 
blade  shown  in  Fig.  1  through  a  tube  with  a  number  of  holes. 
This  gas  mixture  then  left  the  blade  through  the  cooling  holes 
and  the  local  concentration  in  the  boundary  layer  close  to  the 
blade  surface  was  measured  by  samples  which  could  be  withdrawn 
through  small  holes  located  downstream  of  the  cooling  holes. 
Film  cooling  effectiveness  values  can  be  determined  from  the  mea¬ 
sured  concentrations  through  the  heat-mass  transfer  analogy,  the 
validity  of  which  is  well  proven  by  previous  experiments. 

A  sample  of  the  results  obtained  for  one  row  of  cooling 
holes  is  shown  in  Fig.  2.  The  effectiveness  values  n"  averaged  in 
a  spanwise  direction  are  plotted  in  this  figure  for  two  values  of 
the  ratio  of  the  distance,  X,  downstream  from  the  cooling  holes 
to  the  hole  diameter,  0.  The  parameter  I  cos2a  used  on  the  ab¬ 
scissa  is  defined  in  the  following  way: 

2 

I  cos2 a  =  p e.V e—  cos2a  (3) 

2 

P  ao  V  oo 


in  which  p  denotes  the  density,  V  the  velocity,  and  a  the  angle 
under  which  the  coolant  passages  are  inclined  towards  the  blade 


surface.  The  Index  e  refers  to  the  exit  of  the  coolant  passages 
and  the  index  ®  to  conditions  in  the  mainstream  at  the  outer  edge 
of  the  boundary  layer.  This  parameter  compares  the  component  of 
the  momentum  flux  of  the  fluid  leaving  the  cooling  holes  parallel 
to  the  film-cooled  surface  with  the  momentum  flux  in  the  main¬ 
stream  and  can  be  shown  to  be  an  important  parameter  describing 
the  flow  interaction  between  the  coolant  jet  and  the  mainstream 
(Appendix  1).  In  Fig.  2,  the  density  ratio  is  close  to  1  and 
cos2a  has  a  value  of  0.671.  For  this  density  ratio,  Ve2/V002  i 
equal  to  the  square  of  the  blowing  parameter,  M,  which  is  con/en 
tionally  used  in  film  cooling.  Results  are  presented  in  the  fig 
ure  which  has  been  obtained  on  the  concave  (pressure)  wall  and  oi. 
the  convex  (suction)  wall  of  the  turbine  blade.  Results  are 
also  added  which  were  previously  obtained  on  a  flat  film-cooled 
wall.  The  figure  demonstrates  a  large  effect  of  curvature  on 
film  cooling  such  that  the  effectiveness  is  up  to  twice  as  large 
on  a  convex  wall  and  only  one-half  as  large  on  a  concave  wall  as 
on  a  flat  plate  for  values  of  the  momentum  flux  ratio  I  cos2a 
smaller  than  1.  The  relative  position  of  the  effectiveness  val¬ 
ues  is  reversed  for  values  of  the  momentum  flux  ratio  larger  than 
1  but  the  difference  is  not  as  large.  The  effect  of  curvature  Is 
smaller  for  film  cooling  with  injection  through  two  rows  of 
holes,  as  shown  in  Fig.  3,  but  it  is  still  sufficiently  large 
that  it  has  to  be  included  in  design  calculations  for  gas  turbine 
blades.  A  discussion  of  the  physical  processes  which  lead  to 
this  effect  of  curvature  is  contained  in  Appendices  1  and  2. 
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Laminar  Versus  Turbulent  Boundary  Layer  and  Coolant  Injection 

Data  on  film-coolinq  effectiveness  and  heat  transfer  coeffi¬ 
cients  found  in  the  literature  aqree  qualitatively  but  sometimes 
show  considerable  quantitative  differences.  This  will  be  shown 
later  on.  In  addition,  most  of  the  experiments  on  film  cooling 
have  been  performed  in  such  a  way  that  the  boundary  layer  ap¬ 
proaching  the  point  of  injection  was  intentionally  made  turbu¬ 
lent.  On  the  other  hand,  film  cooling  on  turbine  blades  is  usu¬ 
ally  provided  close  to  the  nose  region  of  the  blade  where  the 
flow  is  strongly  accelerated  and  often  laminar. 

The  following  experimental  investigation  was  carried  out  as 
a  contribution  to  both  of  the  questions  raised  in  the  preceeding 
paragraph.  The  results  are  discussed  in  detail  in  Appendix  3. 
The  most  significant  findings  will  be  outlined  in  the  following. 

The  study  was  concerned  with  film  cooling  by  injection  of 
coolant  through  a  single  row  of  circular  holes  inclined  at  an 
angle  of  35°  in  the  mainflow  direction  and  with  a  lateral  spacirg 
between  the  holes  of  three  diameters.  The  velocity  of  the  main 
flow  was  nearly  constant  along  the  film-cooled  flat  plate  down- 
steam  of  the  holes.  The  Reynolds  number  of  the  mainstream  and  of 
the  injection  flow  were  sufficiently  small  to  make  the  approach¬ 
ing  boundary  layer  and  the  coolant  flow  through  the  injection 
channels  laminar.  Both  flows,  however,  could  oe  made  turbulent 
by  trips  in  the  boundary  layer  approaching  the  coolant  injection 
or  in  the  tubes  through  which  the  coolant  approached  the  injec¬ 
tion  holes.  The  mainstream  Reynolds  number  based  on  the  hole  di- 
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ameter  had  a  value  of  3.4  x  10  and  the  injection  Reynolds  number 
was  6.0  to  6.7  x  103.  The  ratio  of  boundary  layer  displacement 
thickness  to  the  hole  diameter  2  mm  upstream  of  the  leading  edge 
of  the  injection  holes  was  kept  approximately  equal  for  the  lami¬ 
nar  and  for  the  tripped  turbulent  boundary  layer  and  had  values 
between  0.14  and  0.16.  Air  was  used  in  the  main  stream  as  well 
as  for  the  injected  fluid.  The  temperature  of  the  mainstream  and 
of  the  injected  fluid  were  kept  almost  equal  so  that  the  density 
ratio  for  both  fluids  was  close  to  1.  Electric  heating  was  used 
for  the  heat  transfer  experiments  generating  a  heat  flux  which 
was  nearly  constant  along  the  surface  downstream  of  the  coolant 
i n ject i on. 

Lateral ly-averaged  local  heat  transfer  coefficients,  h,  were 
measured  without  injection  and  the  results  are  presented  in  Fig. 
4.  Two  solid  lines  present  the  results  representing  an  estab¬ 
lished  relation  (Eq.  1)  for  convective  heat  transfer  on  a  plane 
surface  with  a  laminar  boundary  layer  and  for  convective  heat 
transfer  in  a  flow  with  a  turbulent  boundary  layer  over  a  flat 
plate  (Eq.  2).  Experimental  results  are  listed  as  square  and 
triangular  symbols  for  a  laminar  boundary  layer  (no  trips)  and  a 
boundary  layer  which  was  made  turbulent  by  trips.  In  some  of  the 
experiments  the  holes  were  closed  by  a  thin  tape  to  avoid  a  dis¬ 
turbance  of  the  flow  by  a  cavity  effect  of  the  holes.  The  exper¬ 
imental  results  for  the  laminar  boundary  layer  and  closed  holes 
follow  closely  the  line  describing  laminar  convection  except  far 
downstream  where  some  transition  to  turbulence  occurred.  The 
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open  holes,  however,  caused  a  transitic  of  the  boundary  layer  to 
turbulent  flow  and  created  a  heat  transfer  coefficient  close  to 
the  relation  for  turbulent  convection  regardless  of  whether  the 
approaching  boundary  layer  was  laminar  or  turbulent. 

Laterally-averaged  film  effectiveness  values  are  presented 
in  Fig.  5  over  the  dimensionless  downstream  distance  X/D  for  two 
blowing  rates  M  =  0.50  and  0.99.  The  lines  identified  by  a  capi¬ 
tal  letter  present  the  results  of  earlier  published  investiga¬ 
tions  listed  in  Table  2  of  Appendix  3.  They  confirm  the  state¬ 
ment  made  earlier  that  a  considerable  difference  exists  between 
the  effectiveness  values  measured  by  various  investigators,  espe¬ 
cially  at  M  =  0.50  and  at  values  X/D  smaller  than  20.  A  partial 
explanation  of  these  differences  follows  from  the  measurements 
obtained  in  the  present  investigation  which  are  listed  as  full 
and  empty  symbols  in  the  figure.  It  is  observed  that  the  main 
differences  occur  at  the  blowing  rate  M  =  0.50  and  that  they  are 
caused  by  a  laminar  flow  in  the  injection  tubes  versus  a  tripped 
turbulent  flow  in  these  tubes.  The  influence  of  a  laminar  or 
turbulent  condition  in  the  approaching  boundary  layer  is  less 
significant  and  can  only  be  observed  for  X/D  ratios  smaller  than 
about  15. 

The  ratio  of  the  1 ateral ly-averaged  heat  transfer  coeffi¬ 
cient  h  measured  without  injection  Is  plotted  in  Fig.  6  over  the 
dimensionless  distance  X/D,  again,  for  a  blowing  rate  M  =  0.50. 
The  upper  two  curves  Indicate  that  this  ratio  is  close  to  1  for 
the  whole  range  of  X/D  as  long  as  the  approaching  boundary  layer 
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Is  turbulent  regardless  of  whether  the  jet  is  laminar  or  turbu¬ 
lent.  For  a  laminar  boundary  layer  approaching  the  injection, 
the  ratio  of  heat  transfer  coefficients  is  again  close  to  a  value 
of  1  for  X/D  larger  than  30.  This  points,  again,  to  the  advan¬ 
tage  of  defining  a  heat  transfer  coefficient  for  film  cooling 
with  Eq.  1.  However,  the  ratio  "F/hg  deviates  from  this  value  for 
smaller  X/D  ratios.  The  flagged  symbols  use  for  hg  a  heat  trans¬ 
fer  coefficient  without  injection  as  reported  in  Fig.  4  for  the 
i ni tial ly-lami nar  boundary  layer.  For  this  situation,  the  ratio 
of  heat  transfer  coefficients  is  always  larger  than  one  in  the 
range  X/D  smaller  than  30.  Use  of  the  heat  transfer  coefficient 
without  injection  for  an  approaching  turbulent  boundary  layer 
makes  the  ratio  of  heat  transfer  coefficients  in  Fig.  6  somewhat 
smaller  (unflagged  symbols)  and  leads,  in  some  cases,  to  values 
smaller  than  1. 

In  summary,  it  can  be  stated  that  the  laminar  or  turbulent 
condition  in  the  approaching  boundary  layer,  as  well  as  in  the 
film  cooling  jets,  has  an  influence  on  film-cooling  effectiveness 
and  on  heat  transfer  in  some  range  of  Reynolds  numbers  when  film 
cooling  is  obtained  by  injection  from  a  single  row  of  holes. 

Local  Heat  Transfer  in  the  Neighborhood  of  Cooling  Holes 

Effectiveness  values  as  well  as  heat  tranfer  coefficients 
reported  in  the  literature  as  well  as  the  ones  described  in  the 
previous  section  have  been  made  for  the  ratio  X/D  larger  than 
about  5.  Failure  of  turbine  blades  is  often  caused  by  local 


thermal  stress  concentrations  and  it  can  be  expected  that  tern- 
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perature  gradients  causing  thermal  stresses  have  especially  large 
values  close  to  the  cooling  holes.  For  this  reason  a  study  was 
performed  which  is  described  in  detail  in  Appendix  4. 

Local  transfer  coefficients  have  been  measured  on  a  flat 
plate  equipped  with  one  row  of  cooling  holes.  The  mainstream 
Reynolds  number,  Reg,  based  on  the  hole  diameter  had  a  value 
11  x  103  with  a  velocity  in  the  tunnel  of  15  m/s.  The  boundary 
layer  and  the  flow  in  the  injection  channel  was  turbulent.  The 
method  of  naphthalene  sublimation  was  used  to  obtain  local  mass 
transfer  coefficients  and  the  heat-mass  transfer  analogy  then  can 
be  used  to  convert  those  to  heat  transfer  coefficients.  Fig.  7 
shows  contours  of  the  ratio  h/hg  in  which  h  denotes  the  local 
heat  transfer  coefficient  with  film  cooling  and  hg  the  heat 
transfer  coefficient  for  forced  convection  on  a  surface  covered 
by  a  turbulent  boundary  layer.  It  can  be  recognized  that  two  re¬ 
gions  of  large  values  of  this  ratio  exist.  One  is  on  the  sides 
of  the  cooling  holes.  It  is  probably  caused  by  a  horseshoe  vor¬ 
tex  which  wraps  around  the  jet  at  the  location  of  Injection.  A 
second  region  of  large  gradients  Is  located  downstream  of  the 
holes  and  is  probably  caused  by  a  separated  flow  region. 

The  temperature  gradients  In  the  skin  of  a  turbine  blade 
will  surely  be  smaller  than  the  gradients  of  heat  transfer  coef¬ 
ficients  which  can  be  obtained  from  the  figure.  They  may,  how¬ 
ever,  still  assume  values  leading  to  hig^  stresses  because  of  the 
relatively  poor  conductivity  of  the  heat-resistant  steels  used 
for  the  blade  skin.  The  gradients  of  the  heat  transfer  coeffl- 


cients  along  the  surface  of  the  skin  of  the  turbine  blade  taken 
from  Fig.  7  may  be  used  for  an  analysis  of  the  temperature  dis¬ 
tribution  in  the  blade  skin  which  has  to  consider  the  heat  con¬ 
vection  at  the  skin  surface,  in  the  cooling  air  passages,  as  well 
as  heat  conduction  in  the  skin  in  the  neighborhood  of  the  cooling 
holes.  A  stress  analysis  can  then  be  based  on  this  temperature 
di  stri  bution. 

Local  Heat  Transfer  Near  the  Intersection  of  a  Plane  Surface  and 
a  Cylinder  Normal  to  It  in  Flow  Parallel  to  the  Surface 

A  system  was  designed  to  study  the  heat  transfer  in  the  vi¬ 
cinity  of  film  cooling  holes  along  the  leading  edge  region  of  a 
turbine  blade.  For  simplicity,  a  circular  cylinder  was  used. 
The  design  permits  injection  holes  to  be  placed  in  the  cylinder 
which  have  a  radius  of  hole  diameter  to  cylinder  diameter  similar 
to  that  which  occurs  in  the  stagnation  region  of  a  blade.  Be¬ 
cause  considerable  detail  was  desired  in  the  heat  transfer  dis- 
tribution,  the  mass  transfer  analogy  Is  used.  This  makes  use  of 
the  sublimation  of  a  naphthalene  surface  and  permits  very  precise 
local  measurements  of  the  mass  transfer  coefficient--particularly 
true  when  one  wants  to  find  the  relative  effect  of  injection  on 
the  transport  coefficients. 

Before  the  holes  were  put  in  the  tube,  preliminary  measure¬ 
ments  were  made  for  mass  flow  from  a  cylinder  in  crossflow.  It 


was  possible  to  make  very  precise  local  measurements.  Figure  7 
shows  the  distribution  of  mass  transfer  around  the  cylinder  in 
the  region  of  two-dimensional  flow  (for  large  Z/DELj)  well  away 
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from  the  wind  tunnel  walls.  In  these  experiments,  the  Sherwood 
number  can  be  considered  equal  to  the  Nusselt  number.  Theta  de¬ 
notes  the  angular  distance  from  the  stagnation  lines. 

A  very  interesting  phenomena  was  observed  in  these  tests.  A 
deep  trench  was  found  close  to  the  wall--that  is,  on  the  cylinder 
but  well  into  the  boundary  layer  along  the  wall  (for 
Z/DELi  <<  1).  Figure  9  shows  the  variation  of  mass  transfer  coef¬ 
ficient  with  distance  from  the  wall  at  specific  angles,  8,  around 
the  periphery  of  the  cylinder.  Note  that  a  very  large  increase 
is  found  close  to  the  wall.  In  this  region,  near  the  normal  sep¬ 
aration  point,  the  mass  transfer  coefficient  increases  by  a  fac¬ 
tor  of  about  7  over  the  value  in  the  two-dimensional  flow  region. 
Even  close  to  the  forward  stagnation  region,  where  the  mass 
transfer  coefficient  is  normally  quite  high,  there  is  an  increase 
of  almost  a  factor  of  2.  This  large  increase  in  mass  transfer  is 
related  to  the  horseshoe  vortex  that  forms  around  a  cylinder  in 
crossflow  within  the  boundary  layer  along  a  wall  through  which 
the  cylinder  protrudes.  The  intense  nature  of  this  increase  in 
mass  transfer  in  the  small  region  in  which  it  occurs  Indicates 
that  this  may  not  be  due  to  the  main  horseshoe  vortex  but  to  a 
very  small  but  very  Intense  vortex  within  the  horseshoe  vortex. 
This  phenomenon  can  have  a  significant  effect  on  a  number  of  heat 
transfer  situations,  particularly  near  the  base  of  a  turbine 
blade.  It  may  lead  to  very  high  local  heat  transfer  coefficients 
and,  consequently ,  to  very  high  thermal  stresses.  Conduction 
would  tend  to  equalize  the  temperature  in  the  blade  but  the  poor 
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conductivity  of  normal  high-temperature  blades  can  still  cause 
significant  variations  in  the  temperature  distribution  and  high 
stress. 


Survey  of  Film  Cooling  Performance  on  Gas  Turbine  Blades 

Studies  at  this  laboratory  performed  on  film  cooling  and 
their  application  to  design  calculations  for  gas  turbine  blades 
have  been  discussed  in  a  survey  paper  which  is  attached  to  this 
report  as  Appendix  5.  The  study  describes  all  of  the  significant 
findings,  including  some  of  those  reported  here. 
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The  local  film-cooling  produced  by  a  rou>  of  jets  on  a  gas  turbine  blade  is  measured  by  a 
mass  transfer  technique.  The  density  of  the  secondary  fluid  is  from  0  75  to  two  times  that 
of  the  mainflow  and  the  range  of  the  mass  flux  ratio  is  from  0.2  to  three.  The  effect  of 
blade-wait  curvature  on  the  film-cooling  effectiveness  is  very  significant.  On  the  convex 
wall,  a  near  tangential  jet  is  pushed  towards  the  wall  by  the  static  pressure  force  around 
the  jet.  For  a  small  momentum  flux  ratio,  this  results  in  a  higher  effectiveness  compared 
with  that  on  a  flat  wall.  At  a  large  momentum  flux  ratio,  however,  the  jet  tends  to  move 
away  from  the  curved  wall  because  of  the  effect  of  inertia  of  the  jet  resulting  in  a  smaller 
effectiveness  on  the  convex  wall.  On  the  concave  wall ,  the  effects  of  curvature  are  the  re¬ 
verse  of  those  described  for  the  convex  wall. 


Introduction 


Film  cooling  is  used  to  protect  a  solid  surface  from  a  high  temper¬ 
ature  mainstream  by  releasing  a  coolant  on  the  surface  to  be  protected. 
This  secondary  fluid  can  be  considered  as  a  heat  sink  for  the  heat  flow 
from  the  hot  mainstream  or  as' an  insulating  layer  between  the  hot 
mainstream  and  the  surface.  A  summary  of  film  cooling  on  flat  walls 
is  given  in  (l).2 

Film  cooling  has  found  wide  application  in  gas  turbines  where 
performance  generally  increases  with  turbine  inlet  temperature.  Al¬ 
though  the  strength  of  the  alloys  at  high  temperature  has  improved, 
a  gas  turbine  provides  a  temperature  and  stress  environment  which 
is  beyond  the  limit  alloys  can  presently  achieve  without  cooling.  In 
the  past,  convection  cooling  was  applied  to  blades  and  vanes.  More 
recently  fdm  cooling  combined  with  convection  cooling  and/or  im¬ 
pingement  cooling  is  used  in  blades  and  vanes. 

For  design  purposes,  it  is  often  required  to  know  the  relation  be¬ 
tween  the  heat  fluxes  to  a  wall  and  the  temperatures  of  the  wall  sur¬ 
face.  With  film  cooling,  the  heat  transfer  coefficient  is  customarily 
defined  by 


9  -  h(Tw  -  Taw) 


(1) 


The  heat  transfer  coefficient  and  the  adiabatic  wall  temperature  have 
often  been  studied  independently.  The  present  study  concerns  the 
adiabatic  wall  temperature,  Taw,  or  the  adiabetic  film-cooling  effec¬ 
tiveness,  try,  defined  by 


bT 


Taw  Tm 

T2-  T. 


(2) 


A  mass-heat  transfer  analogy  is  useful  in  studying  film-cooling  ef¬ 
fectiveness.  Instead  of  injecting  heated  or  cooled  secondary  fluid,  a 
fluid  at  the  mainstream  temperature  which  contains  a  foreign  gas  is 
injected.  A  local  impermeable-wall  effectiveness,  a,  is  defined  by 
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n  ~  C2  -  C. 


(3) 


If  there  is  no  foreign  gas  in  the  mainstream 


The  analogy  of  the  mass  transfer  process  to  the  heat  transfer  process 
holds  if  the  turbulent  Lewis  number  and  the  molecular  Lewis  number 
are  unity.  If  the  flow  is  sufficiently  turbulent,  variations  in  the  mo¬ 
lecular  Lewis  number  from  unity  may  not  play  an  important  role  (1). 
•Pedersen  |2]  checked  the  effect  of  molecular  Schmidt  number  on  the 
impermeable-wall  effectiveness.  There  was  no  apparent  effect  of  the 
molecular  Schmidt  number  of  the  injection  gas.  Strictly  speaking  the 
analogy  holds  if  the  densities  at  arbitrary  corresponding  locations  are 
the  same  in  the  two  cases,  For  a  turbulent  flow,  this  requires  that  the 
molar  heat  capacities  of  the  injected  jet  and  the  mainstream  fluids 
are  the  same  or  that  T2fT.  a  1  (3J.  When  the  analogy  holds,  the 
relation  between  the  adiabatic  film-cooling  effectiveness  and  im¬ 
permeable-wall  effectiveness  is  given  by 


(5) 
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where  cp.  and  cp2  are  the  specific  heats  of  the  mainstream  and  the 
secondary  fluid  in  the  heat  transfer  situation.  This  relation  is  verified 
|3j  by  using  existing  experimental  results  for  two-dimensional  film 
cooling.  If  cp2  =  cp_, 

br  “  1  (6) 
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Most  studies  of  film-cooling  effectiveness  have  lieen  done  using 
plane  walls.  The  effects  of  curvature  have  been  investigated  only  re¬ 
cently. 

Rastogi  and  Whitelaw  |t|  presented  a  procedure  for  predicting 
mean-flow  properties  of  laminar  and  turbulent  two-dimensional  wall 
jets  on  curved  walls.  The  paper  briefly  alluded  to  the  effect  of  surface 
curvature  on  film  cooling — indicating  a  higher  effectiveness  with  a 
convex  wall  and  a  lower  effectiveness  with  a  concave  wall.  Folayan  and 
Whitelaw  |5|  recently  reported  an  experimental  and  computational 
investigation  of  the  influence  of  curvature  on  the  effectiveness  of 
two-dimensional  film  cooling.  Outside  the  range  of  parameters  which 
results  in  separation,  they  indicate  that  an  increase  in  convex  curva¬ 
ture  tends  to  improve  effectiveness  and  an  increase  in  concave  cur¬ 
vature  to  decrease  effectiveness. 

Assuming  that  the  static  pressure  distribution  does  not  change  with 
secondary  fluid  injection,  Nicholas  and  LeMeur  [6|  predict  from  the 
momentum  equations  with  a  two-dimensional  secondary  fluid  on  a 
wall  surface  that  if  there  is  no  longitudinal  pressure  gradiant,  Archi¬ 
medes  type  forces  might  either  increase  or  decrease  effectiveness 
depending  upon  the  sign  of  the  curvature  of  the  wall  and  upon 
whether  the  momentum  flux  ratio  is  larger  or  smaller  than  unity.  The 
effect  of  angle  of  injection  is  not  included.  For  two-dimensional  in¬ 
jection  on  a  concave  wall,  they  find  good  agreements  with  experi¬ 
mental  results. 

Hart  (7)  measured  adiabatic  film-cooling  effectiveness  downstream 
of  injection  through  a  single  circular  hole  into  a  mainflow.  The  angle 
of  injection  was  35  deg  on  convex,  flat,  and  concave  walls.  Up  to  a  mass 
flux  ratio  of  0.4  to  0.5  the  injection  from  the  convex  wall  resulted  in 
a  higher  centerline  effectiveness  than  for  the  injection  from  the  flat 
walls  whereas  on  the  concave  wall  the  effectiveness  was  substantially 
lower.  The  curvature  effect  reversed  at  higher  mass  flux  ratios. 

Mayle,  Hopper,  Blair,  and  Bailey  [8)  studied  curvature  effects  in 
two-dimensional  film  cooling.  They  found  that  the  adiabatic  film¬ 
cooling  effectiveness  was  higher  on  a  convex  wall,  but  lower  on  a 
concave  wall.  This  effect  was  attributed  to  the  influence  of  curvature 
on  Reynolds  stress  and  the  turbulent  heat  flux.  The  range  of  mass  flux 
ratio  was  0.5  to  0,9  at  a  density  ratio  of  0.9. 


In  the  present  paper  measurements  of  the  impermeable-wail  ef¬ 
fectiveness  on  convex,  flat  |2j,  and  concave  wails  are  compared.  For 
the  comparison  t  he  same  ratio  of  boundary-layer  thickness  to  the  hole 
diameter  would  be  ideal.  However,  though  the  effectiveness  at  the 
centerline  of  the  hole  iB  increased  by  decreasing  the  boundary  layer 
displacement  thickness  |;\  10),  the  lateral  average  effectiveness  is  not 
greatly  affected  bv  the  boundary  displacement  thickness  (see  (11)  and 
1*2)). 

Analysis  of  Curvature  Effects  on  Effectiveness 

The  following  analysis  will  explain  the  curvature  effect  qualitatively 
and  establish  the  important  parameters. 

Assumptions.  The  impermeable-wall  effectiveness  is  given  by 
equation  (3)  or  (4).  The  wall  gas  concentration  is  affected  by  the  path 
that  the  secondary  (jet)  flow  follows  as  it  penetrates  into  the  primary 
flow,  if  the  diffusion  rates  are  the  same  for  the  same  given  conditions 
on  walls  with  different  curvatures,  then  one  can  expect  that  the  jet 
whose  height  above  the  wall  is  smaller  gives  higher  effectiveness  if  the 
velocities  and  the  mass  flow  rates  are  the  same. 

The  following  assumptions  are  made  in  the  analysis  of  the  effect 
of  curvature  on  film  cooling: 

(1)  The  radius  of  curvature  of  the  wall.  rw,  is  constant  along  the 
downstream  direction,  X  -direction. 

(2)  The  amount  of  the  secondary  fluid  is  so  small  that  the  static 
pressure  distributions  are  not  disturbed  by  the  secondary  flow 
for  a  tangential  jet. 

(3)  For  a  tangential  jet,  the  momentum  of  the  jet  changes  from 
P2U22  at  X  =  0  to  p.L',2  for  X  -*  •*■.  For  a  jet  injected  at  an 
angle  to  the  surface,  the  density  times  the  square  of  the  X- 
component  of  the  jet  velocity  changes  monotonically  from 
P2^22  cos2or  to  p.UJ-  for  0  deg  <  or  <  90  deg. 

Jet  Flow  Over  a  Surface.  Consider  a  jet  flowing  parallel  to  a  wall. 
Over  a  flat  wall  the  center  of  the  jet  trajectory  tends  to  remain  parallel 
to  the  wall  neglecting  entrainment  effects  near  the  surface  of  the  wall. 
Over  a  curved  wall  the  jet  may  move  closer  to  or  further  from  the  wall. 
This  tendency  of  the  jet  on  a  curved  wall  may  be  determined  consid¬ 
ering  the  balance  of  the  forces  exerted  on  a  portion  of  the  jet  which 


■Nomenclature. 


Cu.  =  mass  fraction  of  foreign  gas  at  an  im¬ 
permeable  wall 

C2  ”  mass  fraction  of  foreign  gas  present  in 
secondary  fluid 

Cm  *  mass  fraction  of  foreign  gas  present  in 
mainstream 

cp 2  =  specific  heat  of  secondary  fluid 
c Pm  »  specific  heat  of  mainstream  fluid 
D  “  diameter  of  injection  hole 
ft  »  convective  heat  transfer  coefficient 
/  “  momentum  flux  ratio,  p3  fJ-?!p „  U.  2 


K 


acceleration  parameter 


V-  dU. 
’ U. 2 dX 


L'  *»  blade  chord  length 
L,  »  blade  pitch 

M  =  blowing  rate  or  mass  flux  ratio, 
pjUllpmUm 

Ma3  ”  Mach  number  at  cascade  exit 
P  *■  local  static  pressure 
P,u  “  total  pressure  at  center  of  cascade 
inlet 

q  ”  heat  flow  per  unit  time  and  area 
Rea  «  chord  Reynolds  number,  U^Le/v3 
Re.  ”  mainstream  Reynolds  number  based 
on  hole  diameter,  U.D/v. 
r  “  radius  of  curvature  of  mainstream.  (The 
direction  of  radius  is  the  same  as  that  of 


r,„- ) 

Tj  »>  radius  of  trajectory  of  center  of  injected 
fluid 

rw  *  radius  of  curvature  of  wall.  (The  positive 
direction  of  the  radius  is  from  the  inside  to 
the  outside  of  the  wall.  rw  >  0  on  convex 
wall,  rw  <  0  on  concave  wall.) 
rwo  m  radius  of  curvature  of  wall  at  location 
of  injection  1 

T0w  “  adiabatic  wall  temperature 
Tw  =  wall  temperature 
T2  =  temperature  of  injected  fluid 
Tm  =  mainstream  temperature  or  recovery 
temperature 

t  “  spacing  between  the  center  lines  of  two 
adjacent  injection  holes 
U  ”  local  mainstream  velocity  in  flow  direc¬ 
tion 

Uj  m  mean  velocity  of  secondary  fluid, 
downstream  of  an  injection  hole 
U\  “  mean  velocity  of  mainstream  at  cascade 
inlet 

Ut  “  mean  velocity  of  secondary  fluid  at  the 
exit  of  injection  hole 

I/3  “  mean  velocity  of  mainstream  at  cascade 
exit 

Um”  mainstream  velocity  at  location  of  in¬ 
jection 


Vj  *=  volume  of  a  portion  of  secondary  fluid, 
downstream  of  an  injection  hole 

X  *  distance  along  wall  downstream  from 
the  downstream  edge  of  injection  hole 

X„  =  normalized  axial  distance  of  cascade 
(cf-  Fig.  3) 

Z  =  lateral  distance  from  centerline  of  in¬ 
jection  hole 

a  =  angle  between  the  injection  hole  center- 
line  and  the  direction  of  U. 

4*  «  boundary  layer  displacement  thickness 
at  location  of  injection 

i)  *  local  impermeable-wall  effectiveness, 
equation  (3) 

rj  *  lateral  average  of  impermeable-wall  ef¬ 
fectiveness 

tjt  ”  local  adiabatic  film-cooling  effective¬ 
ness 

vs  *  kinematic  viscosity  of  mainflow  at  cas¬ 
cade  exit 

t>m  “  kinematic  viscosity  of  mainflow  at  in¬ 
jection 

Pj  m  density  of  a  portion  of  a  jet,  downstream 
of  an  injection  hole 

Pi  “  density  of  secondary  fluid  at  exit  of  in¬ 
jection  hole 

Pm  ”  density  of  mainstream  fluid 

<t> «  positive  value,  0  <  $  <  1 
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is  assumed  to  be  parallel  to  the  wall  at  an  arbitrary  location  to  be 
considered. 

Consider  the  flow  over  a  curved  wall  with  no  jet  present.  The  cen¬ 
trifugal  force  on  a  control  volume  would  be  balanced  by  the  static 
pressure  difference  on  the  volume.  Thus. 


dP 


dr 


L 2 

r 


(7) 


where  r  is  the  radius  of  curvature  of  the  stream.  The  direction  of  r  and 
r„  are  chosen  to  be  positive  from  the  inside  of  the  wall  to  the  outside. 
Then,  r  and  r.,  are  positive  for  a  convex  wall  and  negative  for  a  concave 
wall.  If  the  total  pressure  is  constant  in  the  radial  direction.  U  is  in¬ 
versely  proportional  to  the  absolute  value  of  the  radius. 

If  a  jet  is  present  and  close  to  the  wall  as  should  be  true  for  a  film¬ 
cooling  jet.  the  radius  of  curvature  of  the  flow,  r,  is  approximately  rw 
and  the  velocity  (If)  is  ll..  Then. 


dP 

dr  ~  P‘ 


US 

rw 


(8) 


Now  consider  a  portion  of  a  jet.  downstream  of  an  injection  hole,  which 
(lows  parallel  to  the  wall  (Fig.  1).  The  centrifugal  force  on  the  fluid 
in  the  control  volume  is  in  balance  with  the  same  force. 


dP  U r- 

=  hy 

ri 


dr 


(9) 


In  obtaining  the  trend  of  the  jet  trajectory  we  are  ignoring  the  dynamic 
pressure  of  the  mainstream  on  the  jet  which  always  tends  to  push  the 
jet  over  into  the  direction  of  the  mainstream. 

From  equations  (8)  and  (9) 


L'.2 


P-" — 
rw 


or 


r,  .  pW 

ru,  fivl'S 


(10) 


The  value  of  p,t//2  should  be  between  the  value  of  the  entering  jet 
p2L'22  and  the  value  p*US.  Thus,  with 


PiUf-p.US 

p2CI22  -  p.(/.2 

l  +  *(/-  1)  (11) 

p.u.- 


where 


0  <  <t>  <  1 

Putting  this  into  equation  ( 1 0) 

—  *  1 +  <*>(/-  1)  (12) 

rw 

The  relative  size  of  rj  is  dependent  on  the  momentum  flux  ratio. 
Thus 


lol 

>  K\ 

for  /  >  1 

VA 

=  Kl 

for  /  =  1 

\n\ 

<  K\ 

for  /  <  1 

Considering  the  direction  of  the  static  pressure  force  over  a  surface, 
the  sign  of  the  curvature  of  the  jet  and  the  wall  should  be  the  same. 
If  the  absolute  value  of  the  radius  of  the  jet  is  smaller  than  that  of  a 
curved  wall,  the  jet  comes  closer  to  a  convex  wall,  but  moves  away  from 
a  concave  wall.  Then,  the  film-cooling  effectiveness  on  a  convex  wall 
for  given  conditions  would  be  better  than  that  on  the  flat  or  concave 
wall  under  the  same  conditions  if  /  <  1  and  worse  if  I  >  1.  On  a  concave 
wall,  the  film -cooling  effectiveness  for  given  conditions  is  better  than 
that  on  a  flat  or  convex  wall  if  /  >  1  and  worse  if  /  <  1. 

if  a  film-cooling  jet  enters  the  mainflow  at  some  angle,  a,  (0  deg  < 
«  <  90  deg)  the  motion  of  that  jet  over  a  curved  wall  can  be  used  to 
determine  the  relative  film-cooling  performance.  For  the  height  of 
a  jet  above  a  curved  surface  to  be  the  same  at  any  location  as  the  height 
of  a  jet  leaving  a  flat  surface,  the  force  in  the  radial  direction  due  to 
the  static  pressure  on  the  jet  must  balance  the  force  to  accelerate  the 
jet  in  the  radial  direction.  Then  results  analogous  to  those  found  above 
for  a  jet  entering  tangentially  are  found  if  p2l/22  cos2cr  is  used  instead 
of  p2t/  >2.  Again  we  are  ignoring  the  effect  of  the  dynamic  pressure  of 
the  mainstream.  This  should  not  affect  the  trend  of  the  change  in  the 
direction  and  thus  the  trend  in  cooling  effectiveness  on  walls  of  dif¬ 
ferent  curvature.  When  I  cos2n  is  less  than  unity  the  resulting  jet 
would  tend  to  turn  more  towards  the  surface  on  a  convex  wall  than 
on  a  flat  or  a  concave  wall. 

The  film-cooling  effectiveness  on  a  convex  wall  is  better  than  on 
a  fiat  or  a  concave  wall  if  /  cos 2«  <  1  and  worse  if  1  cos2a  >  1  for  the 
same  conditions.  The  film-cooling  effectiveness  on  a  concave  wall  is 
better  than  that  on  a  flat  wall  if  /  cos2«  >  1  and  worse  if  1  cos-’o  <  1 
for  0  deg  <  n  <  90  deg. 

If  a  jet  were  injected  upstream  (a  >90  deg),  the  injected  jet  would 
tend  to  be  turned  downstream  a  short  distance  from  the  location  of 
injection.  Then  the  effect  of  inertia  of  the  jet  on  attachment  or  sepa¬ 
ration  from  the  curved  surface  would  be  small;  instead,  the  jet  is 
mainly  influenced  by  the  static  pressure  force  on  it  The  film-cooling 
effectiveness  on  a  convex  wall  should  be  then  better  than  on  a  flat  or 
concave  wall  at  all  blowing  rates. 

Experimental  Apparatus  * 

The  present  experimental  study  has  been  carried  out  using  a  low 
velocity  wind  tunnel  at  room  temperature  as  shown  in  Fig.  2.  A  cas¬ 
cade  of  six  blades — four  solid  and  two  hollow  blades — is  used.  One 
of  the  hollow  blades  has  a  row  of  holes  (n  “  35  deg)  on  the  suction  side 
and  the  other  has  a  row  of  holes  n  »  35  deg  on  the  pressure  side.  The 
surfaces  with  holes  face  each  other.  The  spacing  between  the  cen¬ 
terlines  of  two  adjacent  injection  holes  is  3D  (£)  **  0.238  cm).  The  ratio 
of  blade  span  to  chord  length  is  3.55.  The  rather  long  span  is  designed 
to  avoid  secondary  flow  and  to  allow  use  of  only  the  central  part  of  the 
span  where  the  inlet  velocity  distribution  is  expected  to  be  uniform. 
There  are  threaded  holes  in  the  top  wall  0.76  times  the  chord  length 
upstream  of  the  leading  edges  of  the  blades  to  insert  pitot  tubes  and 
a  thermocouple.  The  inlet  velocities,  angles  and  temperature  are 
measured  at  this  section. 

The  shape  of  the  blade  used  in  the  present  study  was  supplied  by 
the  Aircraft  Gas  Turbine  Division  of  the  General  Electric  Co.  The 
blade  chord  length,  Le,  and  the  pitch,  L„  are  16.91  cm  and  13.1 1  cm 
respectively.  This  compares  to  the  chord  length  of  4.0  cm  for  the  actual 
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blade.  The  secondary  fluid  is  supplied  to  the  inside  of  the  blade 
through  a  brass  tube  which  has  a  row  of  holes.  Taps  for  obtaining  gas 
samples  are  located  near  the  center  of  the  span.  Samples  of  gas  can 
be  drawn  from  all  the  taps  in  a  blade  at  once.  To  assure  spanwise 
uniformity  of  the  jets,  the  brass  tube  carrying  the  secondary  gas  in 
the  blade  is  rotated  and  fixed  at  the  position  giving  the  most  uniform 
flow.  Satisfactory  uniformity  was  obtained.  In  most  of  the  experiments 
only  23  of  the  79  holes  are  used.  The  rest  of  the  holes  are  covered  by 
thin  tapes. 

Fig.  3  shows  the  normalized  mainstream  velocity  profiles  on  the 
blade  surfaces.  The  velocities  are  obtained  from  the  inlet  total  pres¬ 
sure  at  the  center  of  the  inlet  section  and  the  static  pressure  at  the  taps 
in  the  walls  assuming  that  the  flow  is  incompressible  and  potential 
flow.  This  is  actually  v  2 (P,^  -  Pl/p./t/j.  The  experimental  results 
agree  well  with  the  calculated  results  which  were  supplied  by  the 
General  Electric  Co.  The  measured  inlet  and  outlet  flow  angles  also 
agree  within  0.2  to  0.3  deg  with  the  calculated  flow  angles. 

The  secondary  gas  is  produced  with  the  desired  density  from  a 
mixture  of  helium  or  refrigerant- 12  and  air.  The  sampled  gases  are 
analyzed  by  a  gas  chromatograph.  Details  of  the  secondary  and 
sampling  systems  and  the  analysis  of  sampling  gases  are  given  in 
[2,3). 


1  Normalized  mainstream  velocity  profile  on  blade.  Mai  =  0.06$,  Res 
-  2.32  X  10*.  a  -  35  dag 


c 

At  the  location  of  injection  on  the  suction  side,  the  calculated 
boundary  layer  displacement  thickness,  6*.  (using  the  approximate 
method  due  to  von  Karman  and  Pohlhausen  (13J)  is  0.22  mm  and  o' ID 
is  approximately  0.09.  With  this  6*.  VJo'h.  =  300.  Since  the  critical 
Reynolds  number  for  K  =  0  is  about  660  {13],  the  boundary  layer 
before  the  injection  holes  is  expected  to  be  laminar  or  in  transition. 
On  the  pressure  side,  there  is  an  adverse  pressure  gradient  near  the 
nose  of  the  blade.  The  boundary  layer  at  the  injection  hole  on  this 
surface  is  expected  to  be  turbulent  which  is  confirmed  by  the  exper¬ 
iments  of  the  aerodynamic  loss  of  the  flow  in  the  cascade  |3j. 

Experimental  Results  and  Discussions 

If  the  boundary  layer  is  not  turbulent,  an  additional  requirement 
for  fulfilling  the  mass-heat  transfer  analogy  is  that  the  value  of  the 
molecular  Schmidt  number  is  equal  to  the  Prandtl  number.  However, 
even  though  these  are  different,  in  film-cooling  the  analogy  may  still 
be  fulfilled  because  of  the  strong  turbulent  mixing  of  the  secondary 
fluid  with  the  mainstream.  Also,  since  the  gradient  of  the  mass  con¬ 
centration  (temperature)  perpendicular  to  the  wall  should  be  zero  on 
the  impermeable  (adiabatic)  wall,  the  effects  of  the  laminar  region 
may  be  very  small.  The  effects  of  Schmidt  number  on  impermeable- 
wall  effectiveness  are  checked  [3]  by  using  air  with  a  tracer  of  helium, 
whose  molecular  weight  is  4  and  Schmidt  number  is  0.2  in  the  air.  and 
refrigerant- 12,  whose  molecular  weight  is  120.9  and  Schmidt  number 
is  1.7  in  air  [2|.  The  effectiveness  with  the  different  tracers  was  similar 
for  similar  experimental  conditions  on  both  pressure  and  suction 
surfaces — indicating  that  the  mass-heat  transfer  analogy  holds  in  the 
present  experiments. 

The  effect  of  the  mainstream  Reynolds  number  on  the  lateral  av¬ 
erage  impermeable-wall  effectiveness  on  the  suction  (convex)  side 
was  checked  by  reducing  the  mainstream  speed  to  about  half  of  that 
normally  used  in  the  experiments.  The  average  effectiveness  de¬ 
pended  very  little  on  the  mainstream  Reynolds  number. 

Examples  of  the  results  of  local  impermeable-wall  effectiveness 
measurements  for  the  convex  (suction)  and  concave  (pressure)  sur¬ 
faces  are  shown  in  Figs.  4  and  5. 

The  lateral  average  effectiveness  for  the  density  ratio  of  0.95  as  a 
function  of  X/D  is  shown  in  Fig.  6  for  suction  side  injection  and  in  Fig. 
7  for  pressure  side  injection.  On  the  suction  side  the  largest  effec¬ 
tiveness  is  obtained  at  M  =  0.5  to  0.7.  With  further  increase  of  M,  the 
effectiveness  decreases  because  of  penetration  of  jets  through  the 
boundary  layer.  For  M  from  1.5  to  2.0  the  effectiveness  increases  be¬ 
cause  of  increase  of  the  secondary  mass  flow  even  though  the  jets  may 
penetrate  through  the  boundary  layer.  On  the  pressure  side  the  ef¬ 
fectiveness  at  small  M  (or  I)  is  very  small.  This  is  because  the  static 
pressure  force  acts  on  the  jets  in  the  direction  to  move  the  jets  away 
from  the  surface.  With  high  Mot  I  for  the  near  tangential  jets  the  jets 
tend  to  strike  the  concave  surface  downstream  resulting  in  relatively 
high  effectiveness. 

In  Figs.  8  and  9,  comparisons  of  the  results  for  convex,  flat,  and 
concave  walls  are  shown  at  ps/p.  =  0.95  and  P2/p„  =  2.0  respectively. 
There  are  substantial  differences  for  the  different  surfaces.  The  im¬ 
portance  of  /  cos2o  as  a  parameter  to  correlate  the  curvature  effect 
on  the  effectiveness  was  shown  in  the  analysis.  For  pg/p.  =  2.0  with 
I  cos2a  =  1.3  (see  Fig.  9),  the  average  effectiveness  is  smallest  on  the 
concave  wall  near  the  injection  hole.  At  that  condition,  the  kidney¬ 
shaped  jet  may  just  be  forming.  Thus,  the  effectiveness  is  very  sen¬ 
sitive  to  experimental  conditions.  Further  downstream  the  concave 
surface  gives  higher  effectiveness. 

For  a  better  understanding  of  the  curvature  effects,  the  effective¬ 
ness  is  shown  as  a  function  of  /  cos2«  at  X/D  •  10  and  40  for  pj/p«  ■ 
0.95  in  Fig.  10.  The  lines  for  convex,  flat,  and  concave  surfaces  cross 
at  /  cos2o  a  1. 

Fig.  11  shows  comparisons  of  the  average  wall  effectiveness  at  a 
mass  flux  ratio  of  0.5  for  different  density  ratios  on  flat,  convex,  and 
concave  surfaces.  At  the  lowest  density  ratio  the  jet  has  a  larger  mo¬ 
mentum  flux  and  thus  tends  to  move  further  away  from  the  surface 
resulting  in  lower  effectiveness  for  the  same  mass  flow  (Af ).  This  can 
be  observed  for  the  results  for  the  flat  and  concave  walls.  However, 
on  the  convex  wall  this  trend  is  observed  only  near  the  injection  holes. 
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FI g. 9  Comparison  of  lalsral  avaraga  affacttv anass  on  surfaces  o I  different 
curvature,  •  =  2.0 


( 


Fig.  10  Variation  of  lateral  avaraga  effectiveness  with  t  cos 2a,  p2/p«  = 
0.95 


sidering  the  b»  ance  of  the  forces  exerted  on  the  injected  fluid  of  the 
jet  Hv  the  "static  pressure  and  the  centrifugal  force  along  the  path  of 
the  injected  fluid.  For  a  jet  injected  at  an  angle  to  a  mainstream 
without  a  longitudinal  pressure  gradient,  if  /  cos2o  is  larger  than  unity, 
the  effectiveness  is  smaller  on  a  convex  wall,  but  larger  on  a  concave 
wall  than  on  a  flat  wall  for  0  deg  <  a  <  90  deg.  For  /  cos2o  less  than 
unity  the  effectiveness  tends  to  be  greater  on  a  convex  surface  than 
on  a  concave  one. 

The  curvature  of  a  surface  near  the  injection  holes  or  slits  is  par¬ 
ticularly  important  to  the  film -cooling  effectiveness.  Even  over  a  short 
distance  downstream  of  the  injection  holes,  say  X/D  of  5,  there  are 
substantial  curvature  effects  on  the  effectiveness. 
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Abstract 

The  effectiveness  of  film  cooling  on  turbine 
blades  in  a  linear  cascade  has  been  measured  us¬ 
ing  a  mass  transfer  analogy*  This  present  study 
examines  the  importance  of  curvature  on  film 
cooling  with  two  rows  of  staggered  injection 
holes  on  the  pressure  (concave)  and  suction  (con¬ 
vex)  sides  of  a  turbine  blade.  Comparisons  are 
made  with  earlier  studies,  particularly  with  one 
in  which  a  single  row  of  holes  is  used  to  provide 
the  film  cooling  on  convex  and  concave  surfaces 
and  another  in  which  a  flat  surface  was  studied 
which  had  injection  through  two  staggered  rows  of 
i holes — similar  to  the  present  injection  geometry. 

I  The  results  of  the  experiments  indicate  that  cur- 
I  vature  plays  an  important  role  in  determining 
j  film-cooling  effectiveness  even  with  multiple-row 
|  injection.  At  low  and  moderate  blowing  rates  the 
!  effectiveness  is  better  on  a  convex  than  on  a 
concave  surface.  At  high  blowing  rates  the  ef¬ 
fectiveness  is  not  greatly  influenced  by  the 
surface  curvature.  The  influence  of  curvature, 
however,  is  much  less  than  was  found  with  injec¬ 
tion  through  a  single  row  of  holes  where  the  In¬ 
dividual  Jets  tend  to  act  more  Independently.  In 
general,  the  two  rows  of  holes  provide  higher 
effectiveness  on  any  of  the  surfaces  than  does  a 
single  row  of  holes — certainly  at  the  same  blow¬ 
ing  rate  and,  in  general,  also  for  the  same  mass 
addition  per  unit  span  of  the  blade. 


Nomenclature 

diameter  of  injection  hole 
•ooentiai  flux  ratio,  02u22  /o»U»2 
blade  chord  length,  see  Fig.  I 
blade  pitch,  see  Fig.  1 

blowing  rate  or  mass  flux  ratio,  P2U2/p»tU 

density  rstlo,  azfom 

Reynolds  number,  p«U.D/u„ 

Injection  Reynolds  number,  e2^2°^u2 

width  of  equivalent  two-dimensional  slot  (a 
slot  having  outlet  area  per  unit  span  equal 
to  that  of  the  injection  holes,  »D/6) 

mean  velocity  of  aalnstrem  at  cascade  inlet  - 


mean  velocity  of  secondary  fluid  at  the  exit 
of  injection  hole 

mean  velocity  of  mainstream  at  cascade  exit 

mainstream  velocity  at  location  of  injection 

distance  along  wall  dounstream  from  the 
downstream  edge  of  Injection  hole, see  Fig.  2 

distance  normal  to  surface,  see  Fig.  I 

lateral  distance  from  centerline  of  injec¬ 
tion  hole 

angle  between  the  Injection  hole  centerline 
and  the  direction  of  U„ 

local  impermeable-wall  effectiveness 

lateral  average  of  impermeable-wall  effec¬ 
tiveness 

density  of  secondary  fluid  at  exit  of  injec¬ 
tion  hole 

density  of  mainstream  fluid 
mainstream  v  scoslty 
viscosity  of  injected  gas 

1 

two  -  dimensional  film  cooling  parameter, 
{(X  +  1.909D)/MS)  (Re2U2/h»)"®'2^  for  pre¬ 
sent  geometry,  see  Ref.  4 


I.  Introduction 

Over  Che  past  two  decades,  gas  turbine  designs 
have  progressed  to  ever  higher  turbine  inlet  tem- 
pertures  as  a  means  of  decreasing  specific  fuel 
consumption.  In  some  designs  the  turbine  inlet 
temperature  is  of  the  order  of  the  melting-point 
temperature  of  the  blades.  Cooling  of  these 
blades  is  required  not  only  to  maintatn  them  be¬ 
low  their  melting  point  but  at  sufficiently  low 
temperature  to  ensure  reasonable  operating  life. 

For  aircraft  engines  the  only  coolant  generally 
available  is  the  working  fluid—  air— passing 
’through  the  system.  Coolant  air  is  taken  off  at 
jsome  stage  in  the  compressor  and  thus  is  already 
iat  an  elevated  temperature.  In  addition,  the 
relatively  poor  heat  transfer  characteristics  of 
Lair  and  the  temperature  drop 'across  the  ~ low  con-- 
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duccivity  blade  material  usually  indicate  that 
internal  convection  cooling  of  a  turbine  blade  by 
Itself  would  not  be  sufficient*  Some  means  must 
be  taken  to  reduce  the  heat  flow  from  the  hot  gas 
to  the  outside  surface  of  the  turbine  blade. 
This  is  often  done  with  film  cooling  in  which 
relatively  cool  air  from  the  compressor  is  intro¬ 
duced  close  to  the  surface  of  the  blade.  This 
air  flows  downstream  along  the  surface,  reducing 
the  heat  transfer  to  the  blade  by  decreasing  the 
'temperature  in  the  boundary  layer.  In  typical 
blade  configurations,  injection  holes  are  used  to 
introduce  the  coolant  air.  One  or  more  rows  of  l 
holes  are  used  in  the  stagnation  region  of  the  » 
blade  and  often  on  both  the  pressure  and  suction  ! 
surfaces  of  the  blade.  j 

Studies  of  film  cooling  date  back  to  World  War 
II.  Most  of  the  early  work1  concerned  two- 
dimensional  film  cooling  in  which  a  continuous 
slot  across  the  surface  to  be  cooled  is  used  to 
introduce  the  coolant  flow.  A  number  of  studies 
have  been  reported  on  the  use  of  one  row  of  j 
holes2  »3  two  rows  of  holes4  and  many  holes5  tc 
supply  coolant  on  a  flat  surface  over  which  a 
mainstream  flows. 

i 

Turbine  blades,  of  course,  are  not  flat  surfaces. 

The  pressure  side  is  concave;  Che  sucCion  side  is 
convex.  On  curved  surfaces,  a  Jet  entering  a 
laa  ins  Cream  can  behave  quite  differencly  from  one 
that  Is  Injected  through  a  flat  surface.  Above  a 
convex  surface,  the  pressure  in  the  mainstream 
flow  Increases  with  distance  from  the  wall.  A 
jjet  of  low  momentum,  compared  to  the  mainstream, 
could  be  "pushed"  by  this  pressure  gradient  to¬ 
wards  the  wall,  preventing  the  lift-off  that 
might  occur  at  the  same  flow  rate  on  a  flat  sur¬ 
face,  This  would  tend  to  provide  better  film 
cooling  than  occurs  on  a  flat  surface.  However, 
iff  the  Jet  had  a  high  moment  in  flux  relative  to 
]that  of  the  free  .cream,  the  Jet  might  tend  to 
leave  Che  surface  on  the  convex  wall  and  rela¬ 
tively  poor  film  cooling  performance  would  occur. 
|The  opposite  effects  would  take  place  for  film 
pooling  on  a  concave  surface— i.e,  the  jet  would 
be  moved  away  from  the  surface  by  the  mainstream 
pressure  gradient  at  low  mo men tun  flux  while  with 

thigh  momentum  flux  the  Jet  might  be  expected  to* 
plnge  on  the  surface  downstream  of  injection. 

eae  predicted  influences  of  curvature  were  ob¬ 
served  in  experiments  with  injection  through  a 
single  row  of  holes  conducted  in  s  cascade7.  Un¬ 
der  these  circumstances,  each  Jet  can  act  lnde- 
endently,  at  least  to  some  distance  downstream 
f  tha  row.  Thus,  the  simple  qualitative  analy¬ 
sis  describing  s  single  jet  might  apply  for  a  row 
pf  jets.  It  was  found  that  on  the  convex  sur¬ 
face,  the  film  cooling  was  considerably  better 
than  on  a  flat  or  concave  surface  at  low  values 
k>f  the  momentum  flux  ratio,  I,  while  at  high  mo- 
jeencum  flux  ratios  the  effectiveness  on  the  con¬ 
vex  wail  was  lower  than  on  either  a  flat  or  con¬ 
cave  surface. 

I 

With  Injection  through  two  rows  of  holes  the  up¬ 
stream  jets  can  fill  the  spaces  between  the  jets 


I 

In  the  downstream  row.  The  flow  of  an  Isolated 
jet  entering  a  mainstream  with  a  pressure  gradi¬ 
ent  normal  to  the  surface  might  not  be  directly 
applicable  in  determining  the  trajectory  of  the 
jets  nor  the  resulting  film  cooling  effective¬ 
ness. 

I 

The  present  study  is  Intended  to  demonstrate  the  ! 
influence  of  surface  curvature  on  film  cooling 
following  injection  through  two  staggered  rows  of 
injection  holes.  Both  convex  and  concave  sur¬ 
faces  are  used.  The  same  six-blade  turbine  cas¬ 
cade  described  in  Ref.  7  is  used  in  the  present 
Study  with  additional  rows  of  holes  on  the  cen-  j 
tral  blades.  The  results  on  the  blade  can  also  j 
be  compared  to  results  for  Injection  through  two  ! 
rows  of  holes  on  a  flat  surface. 

Apparatus 

A  linear  cascade  of  six  blades  Is  used.  The  two  | 
central  blades,  shown  in  Fig.  1,  have  injection  ! 
holes  on  their  facing  surfaces — one  on  the  con-  j 
cave  side,  the  other  on  the  convex  sidj.  The  in-  j 
jection  holes,  2.38  mm  In  diameter,  are  placed  I 
somewhat  downstream  of  the  stagnation  region,  ; 
about  15-20Z  of  the  curvilinear  distance  from  the  ] 
stagnation  line  to  the  trailing  edge  of  the  j 
blade.  Two  staggered’  rows  of  injection  holes  are  j 
used,  both  inclined  at  an  angle  of  35"  to  the  j 
blade  surface  at  the  first  row  (cf.  Fig.  1).  The 
injection  holes  are  not  slanted  laterally.  Indi¬ 
vidual  holes  are  3  diameters  apart  from  their 
neighbors  on  the  adjacent  row  as  well  as  from  the 
adjacent  holes  on  the  same  row — cf.  Fig.  2. 


'igure  1  Central  test  blades  in  cascade 


A  mass  transfer  analogy  is  used  In  which  a  for-  j 

sign  gas  is  the  "coolant"  and  local  measurements  I 

of  gas  concentration  at  the  impermeable  wall  of  j 

the  blade  are  made.  With  the  small  size  of  the  j 

blades  (still  approximately  four  times  actual  j 

turbine  size),  it  would  be  difficult  to  make  1 

thermal  measurements  of  effectiveness  due  to  con-  j 

ductlon  errors.  Previous  tests  on  flat  surfaces 
have  shown  the  validity  of  the  analogy.9  [ 

!  I 
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Figure  2  Injection  hole  geometry 

pie  mass  transfer  analogy  also  affords  an  easy 
means  of  obtaining  a  range  of  values  of  the  ratio 
of  the  density  of  lnelcted  flow  to  that  of  Che 
freestream.  Many  early  tests  used  density  ratios 
close  to  unity  while  in  a  hlgh-teraperature  tur¬ 
bine,  the  injected  gas  may  have  a  density  twice 

Shat  of  the  main  flow.  In  the  present  study  two 
enslty  ratios  are  used.  A  mixture  of  helium  (Sc 
■  .235  in  air)  and  air  provides  a  density  ratio 
of  0.96  while  a  mixture  of  freon  12  (Sc  *  .72  in 

air)  and  air  provides  a  density  ratio  of  2.0.  In 
ill  cases  the  main  flow  is  air  and  the  entire 
iystem  is  close  to  isothermal  at  the  ambient  tem¬ 
perature. 

pie  velocity  of  the  main  flow  in  the  wind  tunnel 
Is  12  m/s  as  it  approaches  the  blade  cascade.  At. 
the  point  of  injection  of  the  first  row  of  holes, 
^he  velocity  is  about  S  ra/s  (R«d  •  750)  on  the 
pressure  side  and  20  m/s  (Rep  -  3,000)  on  the 

suction  side.  The  blowing  rates~def lned  as  ra¬ 
tio  of  the  mass  velocity  of  the  Injected  flow  to 

Ihat  of  the  freestream — are  0.25,  0.5,  1.0,  1.5, 

nd  2.0. 

aleulaclons  indicate  that  the  pressure  differ¬ 
ence  across  the  blade  wall  in  the  absence  of  main 
flow  is  ouch  larger  than  that  on  the  surface  be¬ 
tween  the  two  rows  in  the  absence  of  injection, 
pierefore,  flowt  the  assumption  of  equal  velocity 
of  injection  and  film  cooling  parameters  for  the 
two  rows  should  hold. 

| 

The  components  of  the  secondary  flow  mixture  are 
octered  separately,  mixed  In  a  plenum,  and  flow, 
via  a  pipe,  to  the  inside  of  the  blade  and  then 
through  the  injection  holes.  A  sample  of  the 


plenum  mixture  is  drawn  off  in  order  to  determine 
the  injection  mixture  concentration.  Small  sam¬ 
pling  holes,  0.41  mm  in  diameter,  are  located 
downstream  of  the  injection  holes  on  the  surface 
on  which  film  cooling  takes  place.  An  array  of 
holding  devices  is  connected  to  the  sampling 
holes  to  receive  a  sample  of  the  flow  near  the 
surface.  These  systems  are  connected  to  a  vacuum 
pump  to  maintain  a  pressure  lower  than  the  pres¬ 
sure  on  the  blade  surface;  this  generates  a  flow 
to  the  sample  holding  devices.  This  flow  is 
small,  so  the  concentration  field  on  the  surface 
of  the  blade  is  not  disturbed.  Samples  of  gas 
from  the  plenum  and  from  the  region  close  to  the 
wall  are  analyzed  in  a  gas  chromotograph.  The 
mass  concentration  of  gas  from  the  sampling  taps 
when  divided  by  the  concentration  of  the  injected 
gas  in  the  plenum  before  the  injection  holes  is 
the  impermeable  wall  effectiveness  and,  by  anal¬ 
ogy,  is  equivalent  to  the  thermal  film  cooling 
effectiveness  on  an  adiabatic  surface.7 

Procedure 

The  wind  tunnel  flow  is  turned  on  and  stabilized 
for  one  hour.  Sample  holding  devices  are  connec¬ 
ted  to  the  manifold  and  the  suction  holes.  Sec¬ 
ondary  flow  components  are  metered  and  time  is 
allowed  for  stabilization  of  the  concentration  in 
the  plenum.  The  vacuum  pump  is  then  turned  on 
and  the  suction  manifold  pressure  is  established. 
Data,  such  as  pressure  differences  and  tempera¬ 
tures,  are  collected.  Sample  holders  are  clamped 
after  20-35  minutes  of  suction  and  then  trans¬ 
ferred  to  a  gas  chromotograph.  At  the  chromoto¬ 
graph,  With  the  aid  of  some  known  concentration 
samples,  a  calibration  curve  is  established  for 
each  run.  The  plenum  sample  is  analyzed  to  esr 
tabllsh  the  injection  concentration.  Then  sam¬ 
ples  from  the  taps  are  analyzed  to  determine  the 
local  wall  concentration.  j 

The  ratio  of  mass  concentration  at  the  wall  to 
that  in  the  plenum  is  the  local  impermeable  wall 
effectiveness,  n.  These  values  can  be  numerically 
integrated,  across  Z,  to  give  the  average  effec¬ 
tiveness,  n,  at  a  given  position  downstream  of 
Injection,  X.  I 


Results 


Local  wall  effectiveness  for  two  different  blow¬ 
ing  rates  and  both  density  ratios  are  shown  for 
the  suction  side  of  the  blade  on  Fig.  3  and 
along  the  pressure  side  of  the  blade  on  Fig.  41 
At  moderate  blowing  rate  of  0.5  on  the  suction 
side,  there  is  little  variation  of  the  results 
with  lateral  position  Z.  At  this  blowing  rate 
with  the  increasing  pressure  away  from  the  sur¬ 
face,  the  Injected  flow  is  apparently  spread  out 
better  laterally  across  the  surface.  At  higher 
blowing  rates  on  the  suction  side,  there  is  con¬ 
siderable  variation  of  effectiveness  with  Z  until 
about  25  diameters  downstream  of  Injection.  For 
both  blowing  rates  there  is  considerable  lateral 
variation  of  n  across  the  pressure  surface,  at 
least  to  X/D  of  40.  j 
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Average  values  of  effectiveness  across  the  span 
(Z  direction)  were  obtained  froo  numerical  inte¬ 
gration  of  the  local  measurements.  It  is  of  in¬ 
terest  to  compare  these  values,  n  with  the  re¬ 
sults  obtained  for  slot  injection  (two- 
dimensional  film  cooling).  For  two-dimensional 
film  cooling,  a  parameter,  £ ,  has  been  found  to 
correlate  the  data  well.  This  parameter  can  be 
derived  from  a  simple  energy  balance  on  the  boun¬ 
dary  layer.1  Figure  S  shows  the  variation  of  n 
with  £  for  both  density  ratios  and  over  a  range 
of  blowing  rates  and  positions  downstream  of  in¬ 
jection.  Although  there  is  not  a  direct  corre¬ 
spondence  with  the  two-dimensional  correlation, 
the  parameter  £  can  be  useful  in  correlating  the 
results.  For  the  range  of  the  present  tests  the 
Effectiveness  on  the  pressure  side  is  generally 
j-ower  than  that  found  with  the  two-dimensional 
Correlation  on  a  flat  surface,  which  is  shown  as 
phe  solid  lines  on  the  figure.  On  the  suction 
jilde,  particularly  at  large  values  of  £,  the  mea¬ 
sured  effectiveness  is  greater  than  for  slot  in¬ 
jection.  An  earlier  study1*  also  showed  that  the 
Average  effectiveness  for  injection  through  two 
staggered  rows  of  holes  on  a  flat  surface  com¬ 
pared  favorably  with  this  two-dimensional  film 
cooling  correlation. 


X/0 


figure  3  Local  effectiveness  variation  on  the 
I  suction  side  of  the  blade 


Fig.  6  shows  the  variation  of  the  local  effec¬ 
tiveness  along  the  centerline  of  an  injection 
hole  with  position  downstream  for  three  different  ' 
blowing  rates  and  the  two  density  ratios.  The 
results  are  for  the  pressure  side  of  the  blade 
and  indicate  that  there  is  little  Influence  of 
density  ratio  on  effectiveness  along  the  surface 
at  least  up  to  a  blowing  rate  of  unity.  This 
does  not  hold  true  on  the  suction  side  of  the 
blade  where  there  are  ouch  larger  variations  of 
effectiveness,  and  the  momentum  flux  ratio,  I, 
plays  a  more  important  role  in  determining  the 
.jet  trajectory  and  effectiveness. 

figure  7  is  a  comparison  of  the  results  on  the 
Auction  side  of  the  blade  with  similar  data  from 
Ref.  [7),  in  which  the  same  cascade  was  used  but 
with  only  a  single  row  of  holes.  The  hole  dia¬ 
meter  and  spacing  between  the  holes  along  a 
single  row  is  the  same  for  the  two  studies.  For 
the  same  blowing  rate,  M,  the  effectiveness  13 
much  higher  with  the  two  rows  of  holes.  This 
might  be  expected  as  for  constant  N,  twice  as 
much  gas  is  Injected  per  unit  span  across  the 
blade  because  of  the  presence  of  the  two  rows.  I 
It  is  of  interest  to  compare  the  results  for  two- 
row  Injection  at  a  given  M  with  those  for  a  I 
single  row  at  twice  that  value  of  M;  then  the  in-  j 
jectlon  per  unit  span  would  be  the  same.  _  _ j 
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Figure  *  _  Local  effectiveness  variation  on  the  pres¬ 
sure  side  of  the  blade 
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On  the  suction  surface,  the  average  effectiveness 
at  M  *  2  with  a  single  row  of  holes  is  much  less 
than  that  with  two  rows  of  holes  and  M  «  1.  Sim¬ 
ilarly,  for  M  »  1  with  the  single  row  of  holes 

and  M  =  0.5  for  the  two  rows,  at  least  for  the 
density  ratio  near  unity.  However,  for  M  approx¬ 
imately  0.5  with  the  single  row  of  holes,  the  re¬ 
sults  at  least  at  moderate  and  large  X  are  close 
jto  chose  for  M  of  about  0.26  with  two  rows  of 
holes.  Thus,  at  least  at  relatively  low  blowing 
'rates  some  distance  downstream  of  injection,  the 
{concept  of  energy  balance  is  useful  on  Che  suc¬ 
tion  6ide  — i.e.,  a  given  amount  of  injection  per 
unit  span  provides  approximately  the  same  effec¬ 
tiveness  for  single-row  and  two-row  injection. 
Somewhat  similar  results  for  film  cooling  on  a 
flat  surface  are  reporced  in  Ref.  9. 

i 

The  bottom  set  of  curves  on  Fig.  7  refer  to  re¬ 
sults  along  the  pressure  surface  of  the  blade. 
{For  the  same  mass  injection  per  unit  span  the  two 
[rows-of-holes  configuration  provides  such  higher 
{effectiveness  at  small  X/D  than  does  the  Injec¬ 
tion  through  a  single  row  of  holes.  However, 
;even  at  large  values  of  M,  the  results  for  the 
two  injection  configurations  approach  each  other 
,at  large  X/D,  indicating  chat  in  this  region  the 
'important  factor  for  the  cooling  application 
:would  be  the  enthalpy  deficit  introduced  by  the 
jlnjected  fluid. 

[when  describing  the  relative  motion  of  a  single 
i jet  introduced  into  a  mainstream  flowing  over  a 
{curved  surface,  it  is  convenient  to  consider  a 
'parameter  representing  the  momentum  flux  of  the 
!jec  relative  to  the  mainstream.7  This  might  be 
'the  momentum  flux  ratio,  I,  for  a  given  angle  of 
{injection.  To  obtain  a  representation  of  the  mo- 
'mentura  flux  in  the  mainstream  direction,  a  para¬ 
meter  IcosB  or  Icos28  might  be  Introduced. 

i  Figure  8  presents  the  average  effectiveness 
| as  a  function  of  the  parameter  Icos2S  at  two  dif- 
jferent  positions  downstream  of  the  Injection 
|holes.  In  addition  to  the  results  from  the  pre- 
Isent  study,  data,  from  Ref.  [4]  are  shown  Co  indi- 
I  cate  the  effectiveness  on  a  flat  surface.  The 
data  presented  in  Fig.  8  Indicate  that  for  small 
and  moderate  values  of  Icos28,  the  effectiveness 
Is  highest  on  the  convex  side  and  lowest  on  the 
concave  surface  and  has  vi  intermediate  value  on 
the  flat  surface.  As  .  >s28  (and  M)  Increases, 

the  three  curves  appear  to  merge.  The  relative 
performance  for  the  different  surface  curvatures 
is  similar  to  that  for  a  single  row  of  holes7  at 
the  low  and  moderate  values  of  Icos2B. 

Fig.  9  is  a  comparison  of  the  film  cooling  re¬ 
sults  for  injection  through  two  rows  of  holes  and 
through  a  single  row  of  holes.  In  general,  the 
effectiveness  is  higher  for  a  given  surface  with 
the  two  rows  of  holes  than  with  the  single  row  of 
holes  at  any  value  of  tcos2S.  Perhaps  the  most 
marked  differences  between  the  results  are  that 
j with  a  single  row  of  holes  there  is  a  pronounced 
i maximum  of  effectiveness  on  the  convex  side  and 
then  a  significant  fall-off  as  the  jets  penetrate 
!  into  the  mainstream.  Only  a  weak  maximum  is  pre- 
| sent  with  injection  through  two  rows  of  holes. 
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.Figure  5  Average  effectiveness  compared  with  two- 
I  dimensional  film  cooling  correlation  for 
I  flat  surface— solid  line  (Eq.  5  of  Ref. 4) 


,Figure  6  Centerline  effectiveness  of  different 
|  density  ratios  on  the  pressure  side 
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.8  urc  7  Comparison  of  average  effectiveness 
with  results  for  injection  through  one 
row  of  holes  (shaded  symbols — Ref.  7) 

With  the  two  rows,  the  effectiveness  on  the  con¬ 
cave  surface  continually  increases,  approaching 
that  of  the  effectiveness  on  the  convex  side. 
[There  is  no  significant  crossover  of  the  curves 
as  occurs  with  single-row  injection. 

I 

Figure  10  compares  the  results  of  the  present 
tests  using  two  different  density  ratios.  The 
density  ratio  does  not  affect  the  general  shapes 
and  trends  of  the  curves,  particularly  for  Injec¬ 
tion  on  Che  suction  side.  However,  on  the  pres¬ 
sure  side,  the  blowing  rate,  M,  actually  corre¬ 
lates  Che  data  better  (cf.  Fig.  6)  for  the  two 
different  density  ratios  than  does  the  momentum 
flux  ratio,  I,  or  Icos28.  On  the  pressure  side, 
then,  the  influence  of  the  momentum  flux  ratio  on 
jet  trajectory  does  not  Influence  the  effective¬ 
ness  as  much  as  does  the  enthalpy  or  concentra¬ 
tion  deficit  introduced  by  the  Injected  fluid. 


■  ICOS zp 

I  Figure  8  Comparison  of  average  effectiveness 
with  film  cooling  results  obtained  on  a 
' i  flat  surface  (Ref.  4) 

'  Conclusions 

i 

i 

The  surface  curvature  appears  to  have  a  signifi¬ 
cant  effect  on  film  cooling  performance  with  in¬ 
jection  through  two  rcws  of  staggered  holes.  The 
influence  of  curvature,  however,  is  less  than 
that  with  injection  through  a  single  row  of  holes 
where  the  jets  tend  to  act  more  independently. 
With  the  staggered  rows,  the  gaps  between  the  in¬ 
dividual  holes  in  a  row  are  filled  in  by  jets 
from  the  other  rcw  with  a  resultant  film  cooling 
approaching  the  performance  one  might  expect  with 
two-dimensional  (slot)  injection.  Even  so,  the 
effectiveness  i3  considerably  higher  on  the  con¬ 
vex  (suction)  surface  than  on  a  flat  or  concave 
surface,  particularly  at  low  and  moderate  blowing 
rates.  There  ic  a  slight  maximum  in  effective¬ 
ness  on  the  convex  side  as  the  parameter  lcos20 
increases,  but  this  is  weak  compared  to  the  maxi¬ 
mum  with  a  single  row  of  injection  holes.  The 
average  effectiveness  Increases  monotonically 
with  lcos20  on  the  concave  surface,  approaching 
the  results  on  the  convex  surface  at  high  values 
Of  lcos20. 

At  moderate  and  high  blowing  rates  the  film- 
cooling  effectiveness  with  injection  through  two 
rows  of  holes  is  considerably  greater  than  that 
following  injection  through  a  single  row  of 
holes — both  determined  for  the  same  mass  Injected 
per  unit  span.  This  can  generally  be  attributed 
to  the  more  continuous  distribution  of  injection 
across  the  span,  tending  to  reduce  the  occurance 
of  lift-off  or  blow-off  of  the  jets.  At  low 
blowing  rate  on  the  convex  side  and  over  a  range 
of  blowing  rates  on  the  concave  side,  although 
the  injection  through  two  rows  of  holes  is  still 
considerably  better  than  for  injection  through  a 
single  row  of  holes  at  small  values  of  X,  the  re¬ 
sults  for  the  two  injection  geometries  approach 
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Appendix  J  ^ 

The  influence  of  a  Laminar 
Boundary  Layer  and  Laminar 
injection  on  Film  Cooling 
Performance 


Measurements  are  reported  of  the  film  cooling  effectiveness  and  heal  transfer 
following  injection  of  air  into  a  mainstream  of  air.  A  single  row  of  circular  injection 
holes  inclined  at  an  angle  of  35  deg  is  used  with  a  lateral  spacing  between  the  holes 
of  3  dia.  Low  Reynolds  number  mainstream  and  injection  Jlow permit  studying  the 
influence  of  a  laminar  approaching  boundary  layer  and  laminar  Jilin  coolant  Jlow. 
Measurements  of  the  surface  heat  transfer  taken  with  no  • njection  indicate  that  the 
hole  openings  can  effectively  trip  the  laminar  boundary  layer  into  a  turbulent  f  low. 
The  type  of  the  approaching  boundary  layer  has  relatively  little  influence  on  either 
the  adiabatic  effectiveness  or  the  heat  transfer  with  film  cooling.  The  importance  ol 
the  nature  of  the  injected  flow  on  film  cooling  performance  can  at  least  be 
Qualitatively  explained  by  the  differences  in  the  transport  mechanisms  and  m  the 
penetration  of  the  injected  air  into  the  mainstream. 


introduction 

Film  cooling  has  been  used  in  many  systems  to  protect  solid 
surfaces  exposed  to  high-temperature  gas  streams.  The 
coolant  injected  into  the  boundary  layer  acts  as  a  heat  sink, 
reducing  the  gas  temperature  near  the  surface.  Applications 
have  been  widespread,  particularly  in  gas  turbine  systems 
where  combustion  chamber  liners,  turbine  blades,  and  other 
hot  parts  of  the  engine  have  used  air,  usually  taken  from  the 
exit  of  the  engine  compressor,  for  the  film  coolant. 

In  the  leading  edge  region  of  turbine  blades  there  is  often  a 
very  high  surface  heat  transfer.  In  this  region,  film  cooling 
and  the  associated  convection  cooling  in  the  coolant-injection 
holes  have  found  widespread  use  in  maintaining  suitable  skin 
temperatures.  In  most  experiments  done  on  film  cooling,  both 
the  wall  boundary  layer  and  the  flow  through  the  injection 
holes  have  been  turbulent.  However,  in  the  leading  edge 
region  and  for  some  distance  downstream,  the  boundary  layer 
flow  along  the  blade  may  be  laminar.  In  addition,  at  low 
injection  rates,  the  flow  in  the  injection  holes  may  be  laminar. 

Several  investigators  have  considered  film  cooling  with  a 
laminar  boundary  layer  along  a  flat  surface  [1-4],  in  ad¬ 
dition,  experimental  studies  on  leading  edge  injection  have 
been  reported  using  a  cylindrical  model  (5,  6]  and  a  flat-plate 
model  with  a  circular  nose  [7J.  There  are  also  data  on  the 
characteristics  of  film-cooled  turbine  blades  with  injection 
holes  in  the  leading  edge  region  {8-131  and  on  full-coverage 
film  cooling  [14-17J.  There  has  been  little  attention  paid  to  a 
direct  comparison  between  the  film  cooling  results  with  a 
laminar  boundary  layer  and  with  a  turbulent  boundary  layer 
on  the  surface  as  well  as  for  laminar  versus  turbulent  flow  in 
the  injection  holes.  In  the  present  work,  local  measurements 
of  the  adiabatic  wall  effectiveness  and  heat  transfer  with  film 
cooling  on  a  flat  plate  are  described.  By  inserting  or  removing 
trips  along  the  wall  and/or  in  the  injection  tubes,  laminar  or 
turbulent  flow  can  be  obtained  at  approximately  the  same 
wall  or  tube  Reynolds  numbers. 

Experimental  Apparatus  and  Test  Conditions 

The  present  study  has  been  conducted  in  a  low-speed,  open- 
circuit.  induced-flow  wind  tunnel  at  the  University  of  Min¬ 
nesota.  A  sketch  of  the  wind  tunnel  is  shown  in  Fig.  I .  A 
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detailed  description  of  the  wind  tunnel  is  given  elsewhere  [18. 
19).  The  test  section  has  been  changed  from  previous  studies 
by  decreasing  its  length  and  by  removing  trips  when  a  laminar 
approaching  boundary  layer  is  desired. 

The  test  section  floor  is  ol  low  thermal  conductivity 
material  with  stainless  steel  heater  foils  stretched  across  it. 
Five  circular  injection  tubes  are  located  at  ihree-diametcr 
spacing  in  the  lateral  direction  and  inclined  at  35  deg  to  the 
mainstream  flow.  When  a  turbulent  boundary  layer  is  desired, 
a  trip  is  placed  on  the  wall  as  shown  in  Fig.  1 .  A  thin  tape  may 
be  placed  across  the  injection  holes  to  reduce  their  influence 
on  the  mainstream  flow  when  studying  the  boundary  layer  in 
the  absence  of  injection.  The  cross-sectional  area  of  the  test 
section  is  essentially  constant  and  the  streamwise  pressure 
gradient  is  close  to  zero. 

The  freestream  velocity  is  kept  constant  at  4.5  m  s.  With 
this  velocity  the  Reynolds  number,  Re„,  is  of  the  order  of 
magnitude  of  that  which  exists  in  the  leading  edge  region  of  a 
gas  turbine  blade  (3000  to  10.000). 

The  flow  through  the  injection  tubes  can  be  changed  to 
obtain  different  blowing  rates.  At  the  lowest  blowing  rates, 
the  flow  in  the  absence  of  any  trip  in  the  tubes  is  laminar.  To 
obtain  a  turbulent  boundary  condition  at  low  Reynolds 
numbers,  trips  10  dia  upstream  of  the  tube  exits-are  used.  No 
trips  are  used  at  the  high  Reynolds  number  for  vvhichMur- 
bulent  tube  flow  occurs  naturally.  In  both  the  boundary  layer 
and  the  injection  tubes,  velocity  and  turbulence  measurements 
are  obtained  with  a  hot-film  anemometer  having  a  0.051  mm 
dia  by  1 .0  mm  long  sensor. 

The  experiments  are  conducted  under  steady-state  con¬ 
ditions.  When  measuring  adiabatic  wall  temperature,  heated 
air  is  injected  to  simplify  the  flow  and  measurement  system. 
Assuming  constant  properties,  the  dimensionless  adiabatic 
wall  temperature  should  be  the  same  with  film  “heating”  as 
with  film  cooling.  For  the  heat-transfer  experiments,  an 
approximately  constant  heat  flux  boundary  condition  is 
obtained  from  the  foil  heaters  and  the  injected  air  is  not 
heated  so  that  it  is  essentially  at  the  same  temperature  as  the 
free  stream  (and  Taw  = 

Wall  temperatures  are  measured  by  thermocouples  em¬ 
bedded  in  the  tunnel  floor  beneath  the  foil  heaters.  A 
correction  is  made  for  radiation  from  the  heater  and  for 
conduction  through  the  tunnel  floor.  However,  no  correction 
is  made  for  conduction  in  the  lateral,  Z,  direction;  such 
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Fig.  1  Schematic  drawing  of  lest  section 


conduction  would  tend  to  smooth  out  the  measurements  of 
effectiveness  and  heat  transfer  from  their  true  distribution. 
Thus  the  lateral  distribution  should  only  be  used  for 
qualitative  discussion.  The  laterally  averaged  values  should 
not  be  significantly  changed  by  this  conduction. 

The  adiabatic-wail-  film  cooling  effectiveness  and  heat- 


transfer  coefficients  are  defined  by  the  following  equations: 


=  r,.  -  r, 

V  T,-T,  *  T:-T, 


(1) 
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Nomenclature 
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h„ 

I 

k 

K 

L 
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Pr 

<7 

Re 

T 

T 

T, 
Tw 
Tu 
U 
V 
0 - 
Vim, 
X 

Xn 


x„ 


inner  diameter  of  injection  tube 

heat-transfer  coefficient  with  injection  (see 

equation  2) 

heat-transfer  coefficient  without  injection 
momentum  flux  ratio 
thermal  conductivity 

acceleration  parameter  (m» /p»fA»,:)  («((/., /dY) 

abbreviation  for  “laminar  flow” 

blowing  rate  (p:  L';/p„  U „ ) 

fictitious  blowing  rate  when  t/»=0,  calculated 

from  p:(7j  and  the  normal  value  of  p»(/» 

Prandtl  number 
wall  heat  flux 

Reynolds  number  (Re„  =  p»fy»Dfp«, 

Re,  =p;t/,0/p,.  Re,  =p»t/al Xn/nm  ) 
abbreviation  for  “turbulent  flow” 
temperature 

adiabatic  wall  temperature  with  film  cooling 

freestream  recovery  temperature 

wall  temperature 

turbulence  intensity 

fluid  velocity 

rms  turbulence  fluctuation  from  mean  velocity 
mean  velocity  of  injected  flow 
maximum  velocity  in  injection  tube 
distance  downstream  of  downstream  edge  of 
injection  hole:  see  Fig.  1 

distance  from  origin  of  boundary  layer  to  first 
foil  heater 

distance  downstream  of  effective  origin  of 
boundary  layer 


l/. 


7 

"•/ 


e 

p 

p 


freestream  velocity  immediately  upstream  of 
injection  holes 
freestream  velocity 
height  above  test  surface 
lateral  distance  from  centerline  of  injection  hole 
angle  of  injection  tube  from  streamwise  direction 
boundary  layer  thickness  (Y  where  u/u„  -0.95) 
boundary  layer  displacement  thickness 
boundary  layer  displacement  thickness  near 
injection  location  (2mm  upstream  of  injection 
hole  leading  edge  in  present  experiment) 
adiabatic  film  cooling  effectiveness  (see  equation 
1) 

effectiveness  directly  downstream  of  center  line  of 

injection  hole(i.e.,  Z= 0) 

boundary  layer  momentum  thickness 

viscosity 

density 


Subscripts 

L  -  laminar 
max  =  maximum  value 
o  =  without  injection 
T  =  turbulent 
2  =  injected  How  at  tube  exit 

oo  =  freestream  condition  immediately  upstream  of 
injection  holes 


Superscripts 

-  =  average  in  spanwise  (Z)  direction  or  across  in¬ 
jection  tube  exit 
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In  the  present  study,  local  wall  temperature  measurements  are 
made  and  then  av  erage  values  calculated. 

Table  1  shows  the  range  of  test  conditions  in  the  present 
study. 

Boundary  Layer  Flow  Without  Injection 

Figure  2  shows  dimensionless  velocity  and  turbulence  in¬ 
tensity  profiles  above  the  .w  all  at  different  positions  along  the 
flow.  The  Blasius  profile  for  a  laminar  boundary  layer  is 
indicated  as  a  reference.  The  location,  X/D  =  —1.9  and  Z/D 
=  0,  corresponds  to  a  position  2mm  upstream  of  the  central 
injection  hole  upstream  edge.  At  this  location,  in  the  absence 
of  a  trip,  the  measured  profile  is  very  close  to  the  Blasius 
curve.  This  is  true  whether  or  not  tape  is  used  on  the  injection 
holes.  The  slight  deviation  from  the  theoretical  curve  may  be 
due  to  the  near-constant,  cross-sectional  area  of  the  test 
section  which  produces  a  slight  acceleration  of  the  main¬ 
stream  (see  Table  1).  When  a  trip  (wire  plus  sandpaper 
roughness)  is  attached  to  the  wall,  the  boundary  layer 
becomes  turbulent.  The  trips  have  been  placed  at  a  location  lb 
obtain  approximately  the  same  displacement  thicknesses  at 
the  injection  holes  for  the  turbulent  boundary  layer  as  for  the 
laminar  boundary  layer. 

Somewhat  downstream  of  injection  (X/D-  2.84),  the 
boundary  layer  is  still  apparently  laminar  with  open  holes  in 
the  absence  of  trips,  although  some  distortion  in  the  velocity- 
profile  is  evident.  Further  downstream,  at  A7£>=20.1,  the 
boundary  layer  appears  to  be  turbulent  with  the  open  holes 
even  in  the  absence  of  a  trip.  Although  not  shown  in  this 
figure,  the  boundary  layer  at  this  location  is  still  laminar  in 
the  absence  of  a  trip  when  tape  is  placed  over  the  holes. 

Injection  Flow  in  the  Absence  of  Mainstream 

Figure  3  shows  dimensionless  velocity  and  turbulence  in¬ 
tensity  profiles  of  the  flow  exiting  from  the  central  injection 
hole  (Z/D  =  0  and  170=0. 02)  in  the  absence  of  the  main¬ 
stream.  The  How  is  not  heated.  A /„  indicates  a  fictitious 
blowing  rate  lor  a  density  ratio  of  unity  if  the  mainstream  had 
a  velocity  ol  4.5  m/s. 


Table  I  Experimental  range  in  the  present  study 


Freest  ream  mean  velocity.  L'x 

4.5  in  s 

Freest  ream  turbulence  intenwtv,  Tu* 

- 1  “» 

Blowing  rale.  M 

0.2.  0.35.  0.5 

Momentum  flux  rano.  / 

1.0.  1.50.  2.0 
0.060  -5.1 

Density  rano.  p;  p^ 

0.X5.  1 

Reynolds  number.  Ke,,(  =  px(,  »D/p») 

3.4  x  !()■ 

Reynolds  number.  Re,  1  =  p;  f. ;  /•>•>:  I 

6.0  v  10-  -  fe¬ 

Normalized  displacement  thickness  2mm 
upstream  of  leading  edge  injection 
hole.  Op  D 

ll.  16 — laminar 

Acceleration  parameter,  K 

0. 14— turbulent 
1.2  x  I0  ' 

It)' 


At  low  Reynolds  number  (Re,  - 1.5  x  10'),  the  velocity- 
profile,  in  the  absence  of  a  trip,  is  close  to  that  of  a  fully- 
developed  laminar  pipe  How.  The  turbulence  intensity  is  less 
than  0.4  percent  everywhere  across  the  flow.  At  the  same 
Reynolds  number,  when  the  trip  ring  is  attached  on  the  inner 
surface  of  the  tube,  10  dia  upstream  of  the  tube  exij.  the 
profile  is  similar  to  that  for  fully  developed  turbulent  tube 
How  [20J.  At  larger  Reynolds  numbers  no  trip  ring  is  used, 
and  the  velocity  profile  is  close  to  that  of  a  fully  developed 
turbulent  flow. 


Film  Cooling  Effectiveness 

The  variation  of  the  laterally  averaged,  film-cooling  ef¬ 
fectiveness  with  downstream  position  is  shown  in  Fig.  4  for 
two  different  blowing  ■  s.  Curves  representing  results  of 
some  previous  studies  are  shown  for  comparison.  The  key  to 
the  upper  case  letters,  indicating  the  source  of  the  eatlier  data 
lor  this  and  later  figures,  is  contained  in  Table  2. 

The  most  notable  variation  among  the  results  from  the 
present  experiment  occurs  for  a  blowing  rate  of  0.5.  The 
average  effectiveness  with  laminar  injection  is  considerably 
lower  than  with  turbulent  injection.  This  is  true  for  either  the 
laminar  or  turbulent  boundary  layer  along  the  "all.  It  is 
known  (18]  that  the  tilm  cooling  effectiveness  with  J  =  35  deg 
reaches  a  maximum  with  variation  in  blowing  rate  near 
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Fig.  4  Literally  aviragid  film-cooling  inactive  naa«  (saa  Tabla  2  lor 
kay  to  lattara  designating  raaulta  from  other  etudlea  1 ) 

Xf=0.5  for  a  density  ratio  close  to  unity.  It  is  at  this  blowing 
rate  that  there  is  the  greatest  sensitivity  to  potential  lift-off  of 
a  jet  flowing  from  a  film-cooling  hole.  When  the  jet 
penetrates  into  the  mainstream  its  "cooling"  influence  on  the 
wall  is  reduced;  the  enthalpy  deficit  it  provides  is  no  longer 
near  the  surface  but  rather  is  dissipated  in  the  core  of  the 
primary  flow. 

In  many  of  the  earlier  studies,  done  with  turbulent  injection 
or  with  a  very  short  injection  tube,  the  coolant  entering  the 


mainstream  has  a  relatively  blunt  profile  so  that  the  maximum 
velocity  is  close  to  the  mean  velocity.  With  developed  laminar 
tube  flow,  the  peak  velocity  is  considerably  greater  than  the 
average  velocity.  Thus,  the  mean  momentum  flux  at  the  exit 
plane  for  laminar  tube  flow  would  be  greater  than  the  mean 
momentum  flux  at  the  same  blowing  rate,  M,  for  a  turbulent 
or  plug-type  flow. 

At  the  same  mean  velocity,  or  W,  the  value  of  the  mean 
square  velocity  for  fully  developed  laminar  tube  flow  is  about 
30  percent  greater  than  the  mean  square  velocity  for  1/7 
power  law  turbulent  tlow.  Actually,  the  measured  values  of 
the  momentum  flux  ratio.  /,  for  the  laminar  jet  were  only 
about  18  percent  greater  than  for  the  turbulent  jet.  A  greater 
value  of  /  at  a  given  value  of  M  could  lead  to  greater 
penetration  of  the  jet  into  the  mainstream.  The  film-cooling 
effectiveness  would  be  particularly  sensitive  to  this  effect  at 
injection  rates  close  to  those  yielding  the  maximum  ef¬ 
fectiveness. 

With  turbulent  injection,  the  influence  of  the  nature  of  the 
boundary  layer  approaching  the  injection  holes  is  most 
pronounced  close  to  the  injection  holes.  The  effectiveness  is 
higher  with  a  laminar  boundary  layer  at  M=0.5.  The  flow  in 
the  turbulent  boundary  layer  with  its  greater  fluctuations 
tends  to  dilute  the  influence  of  the  injected  fluid.  Further 
downstream  the  curves  cross  and  a  slightly  higher  ef¬ 
fectiveness  occurs  with  a  turbulent  boundary  layer,  par¬ 
ticularly  with  the  laminar  jets.  This  may  be  due  to  the  tur¬ 
bulence  causing  the  jet  to  mix  more  and  diffuse  back  towards 
the  wall. 

'The  trends  of  most  of  the  other  investigations  are  close  to 
the  present  ones  for  turbulent  jets  entering  a  turbulent 
boundary  layer.  The  differences  that  occur  may  be  due  to 
uncertainty  in  experimental  measurements  and  differences  in 
the  Reynolds  number.  Other  influences  may  be  the  very  blunt 
injection  profile  in  reference  [1]  and  the  slightly  smaller  in¬ 
clined  angle  and  closer  spacing  in  reference  |2]. 

At  a  blowing  rate  close  to  unity  there  is  a  relatively  good 
agreement  with  earlier  studies  that  were  performed  in  this 
laboratory,  though  not  always  with  the  same  apparatus.  The 
results  of  [2IJ  indicate  somewhat  higher  effectiveness,  but  in 
those  tests  the  density  ratio  (p2/p.)  was  somewhat  higher 
than  in  the  other  studies. 

Lateral  distributions  of  the  film  cooling  effectiveness  at 
different  downstream  locations  are  presented  in  Fig.  5.  When 
the  approaching  mainstream  boundary  layer  is  turbulent,  a 
relative  maximum  appears  near  the  region  Z/D=  I.  This  may 
be  due  to  a  pair  of  vortex  flows  and  the  resulting  high  tur¬ 
bulence  which  have  been  observed  there.  The  adjacent 
minimum  has  been  described  |2)  as  due  to  the  pumping  effect 
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Table  2  Earlier  works  for  film  cooling  effectiveness  used  for  comparison 


Worker 

At 

Re/,  x  I0J 

P2  ! P» 

6,‘,/D 

Research 

(B)  Bereeles 

0.5 

Spacing  =  2.67  D 

{—1 

3.3 

1.0 

0.095 

ii  =  30  deg 
mass  transfer 

(E)  Eriksen.  V.  L. 

119] 

0.493 

4.4 

0.842 

0.149 

For  heat  transfer 

At  =  .496 

P: 

(G)  Goldstein. 

Eckert.  Eriksen. 

0.5 

2_2 

0.85 

0.124 

and  Ramses. 

1— — 1 

1.0 

(K)  Kadoiani  and 
Goldstein 

i.i 

0.85 

tki) 

|23| 

4.4 

0.175 

(k2) 

(L)  Liess,  C. 

0.57 

Main:  L 

HI 

1.5 

0.79 

0.087 

Jet:  E  * 

(P)  Pedersen. 

Eckert  and 

Goldstein  [21] 

0.513 

I.I 

0.960 

0.162 

Mass  transfer 

(S)  Sasaki, 

d  =  45  deg 

Takahara.  kumagai 
and  Hamano  (24] 

0.537 

1.5 

0.94 

0.10 

Jet:  E 

'  Jet:  E  means  not  fully  developed  turbulent  but  entrance  region  at  the  exit  of  injection  holes. 

Unless  specified: 
spacing  =  30 
J  =  35  deg 
main:  T and  Jet:  T 

smooth  surface,  free  stream  turbulence  intensity  <  1.5% 
ij  from  wall  temperature  measurements 


Flg.S  Lateral  distributions  of  sftoellvtttes*  at  M  -  O.S(aaaTabla2for 
kay  to  totter*  designating  raiultt  tor  otttar  atudlaa;  symbol*  tor  (tow 
conditions  ar*  tha  aama  at  In  Fig.  4) 

of  the  pair  of  rotating  vortices.  There  is  considerable  dif¬ 
ference  in  the  lateral  variation  in  the  present  study  compared 
to  the  earlier  ones  shown  in  the  figure.  The  present  results 
indicate  more  uniform  effectiveness  in  the  Z  direction.  This 
may  be  partially  due  to  the  smoothing  out  of  the  results  by 
conduction  in  the  wall  in  the  present  work,  but  perhaps  of 
more  importance  is  the  large  difference  in  Reynolds  number. 
The  present  results  were  taken  at  Reynolds  number 


Fig.  6  Laterally  avaragad  affactlvansst  varau*  blowing  rate  (aaa  Tabla 
2  tor  kay  to  latter*  designating  results  tram  other  studies) 

about  one-tenth  of  those  used  in  the  earlier 
studies  for  the  turbulent  boundary  layer  and  turbulent  jet 
flow.  This  is  also  borne  out  by  comparison  of  curve  K1  to  K2. 
These  results  are  obtained  on  the  same  apparatus  but  the  data 
for  curve  K1  are  at  lower  Re  than  for  K2. 

Figure  6  shows  the  variation  of  the  average  effectiveness 
with  blowing  parameter  at  different  downstream  locations.  At 
blowing  rates  greater  than  0.5,  the  injected  flow  is  turbulent 
and  the  curves  show  the  familiar  decline  of  effectiveness  with 
increasing  M.  As  M  is  increased  still  further,  above  1.0  or 
1 .5,  the  jets  merge  together  and  their  influence  is  felt  down  on 
the  wall,  especially  at  large  X. 

At  low  blowing  rates  (AfcO.S),  the  flow  in  the  injection 
holes  is  laminar.  The  maximum  of  ij  occurs  at  considerably 
lower  values  of  M  with  laminar  injection  than  with  turbulent 
injection.  It  is  also  noteworthy  that  >)  for  the  laminar  jet  at 
low  values  of  At  can  be  higher  than  the  peak  ft  for  turbulent 
injection.  This  is  probably  due  to  the  relatively  small  amount 
of  mixing  (with  the  mainstream)  of  the  laminar  jet;  at  low  At, 
when  the  jet  does  not  leave  the  wall,  this  can  result  in  high 
effectiveness,  it  should  be  noted,  too,  that  the  present  results 
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lor  turbulent  boundary  layer  and  turbulent  injection  indicate 
a  higher  mean  effectiveness  than  was  found  in  [19]  and  (23]  at 
A/=0.5.  This  may  be  due  to  the  higher  (-three  times) 
mainstream  and  jet  Reynolds  numbers  in  those  earlier  works. 

The  variation  of  centerline  effectiveness,  ij,  (  ,  with  M  is 
shown  m  Fig.  7.  As  observed  in  the  previous  figures,  the 
effectiveness  at  a  given  .1/  is  considerably  lower  with  the 
laminar  injection.  At  moderate  values  of  .Vf,  the  centerline 
effectiveness  for  turbulent  injection  is  somewhat  higher  with 
the  laminar  mainstream.  The  centerline  effectiveness 
measured  in  the  present  study  is  less  than  that  observed  in 
1 19),  (22),  and  [23]  for  similar  conditions  of  turbulent  in¬ 
jection  and  turbulent  boundary  layer.  This  difference  is 
apparently  due  to  the  lower  Reynolds  numbers  during  the 
present  tests. 

Heat-Transfer  Coefficient 

Figure  8  shows  the  spanwise-average,  heat-transfer  coef¬ 
ficient  at  various  downstream  locations  in  the  absence  of 
injection.  A  linear  average  of  the  local  values  measured  at 
Z/D- 0,  0.75,  and  1.5  is  used.  Two  sets  of  data  were  obtained 
vviih  the  holes  covered  by  a  thin  layer  of  tape  to  prevent  them 
from  introducing  a  cavity-type  roughness  which  could  disturb 
the  flow.  In  the  other  two  runs  the  holes  were  open,  as  would 
occur  when  injection  takes  place,  although  there  is  no  net 
throughflovv  of  gas.  For  both  the  open-  and  closed-hole 
conditions  there  is  a  set  of  data  when  the  boundary  layer  trips 
were  placed  on  the  wall  and  another  set  when  there  were  no 
trips. 

When  the  holes  are  closed,  there  is  little  variation  (ap¬ 
proximately  3  percent)  of  the  heat-transfer  coefficient  in  the 
lateral  direction.  With  open  holes  in  the  presence  of  trips  this 
variation  is  approximately  5  percent.  With  no  trip,  the  open 
holes  can  initiate  transition  and  this  leads  to  a  significant 
variation  of  /t„  across  the  span;  the  maximum  value  of  h„ 
occurs  at  Z/D- 0.  except  very  close  to  the  downstream  edge 
of  the  holes.  The  variation  of  the  heat-transfer  coefficient 
from  the  mid-point  of  the  holes  to  the  region  half-way  be¬ 
tween  the  holes  (Z/D=  I  .?)•  averages  about  10  percent  for 
these  open  holes  without  trips  and  has  a  maximum  of  17 
percent. 

Note  in  Fig.  8,  with  taped-over  holes  in  the  absence  of  trips 
the  heat  transfer  closely  follows  the  equation  (l)  which 
represents  heat  transfer  along  a  Hat  plate  with  a  laminar 
boundary  layer.  Far  downstream,  the  measured  points  rise 
somewhat  above  the  predicted  curve,  perhaps  due  to  tran¬ 
sition.  The  other  three  sets  of  data  appear  to  be  represented, 
at  least  some  distance  downstream,  by  the  heat-transfer 
correlation  (equation  (2))  for  a  turbulent  boundary  layer  on  a 
flat  plate.  When  the  trips  are  present  there  is  virtually  no 
difference  between  the  measured  results  for  the  closed  and 
open  holes.  In  the  absence  of  trips  with  the  holes  open,  there  is 
a  transition  region  downstream  from  the  start  of  heating.  This 
is  indicated  by  the  somewhat  lower  heat  transfer  results  for 
this  flow  condition  till  approximately  20  dia  downstream  of 
the  injection  hole  location.  Further  downstream  there  appears 
to  be  little  difference  between  this  and  the  data  obtained  with 
a  boundary  layer  trip. 

Figure  9  shows  the  variation  of  the  average  heat-transfer 
coefficient  with  downstream  position  for  a  blowing  rate  of  0.5 
and  different  conditions  of  mainstream  and  injected  (low.  At 
this  blowing  rate  with  the  turbulent  boundary  layer  there  is 
very  good  agreement  with  an  earlier  study  (19).  The  average 
heat-transfer  coefficient  is  increased  little  over  that  without 
injection. 

When  the  boundary  layer  is  initially  laminar,  the  injection 
has  a  bigger  effect  on  the  heat  transfer.  With  the  laminar 
boundary  layer,  for  both  laminar  injection  and  turbulent 
injection,  two  curves  arc  plotted  on  Fig.  9.  In  one.  the 
reference  heat-transfer  coefficient  is  the  same  as  for  the 
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Pig.  7  Centerline  effectiveness  versus  blowing  rate  (see  Table  2  lor 
key  to  letters  designating  results  trom  other  studies) 
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Fig.  8  Laterally  averaged  heat-translar  coefficient  without  injection 

turbulent  boundary  layer  studied  and  is  taken  from  the  data  in 
the  present  experiment  with  the  trip,  as  was  true  for  the  plots 
with  the  turbulent  boundary  layer  in  the  top  portion  of  Fig.  9. 
It  should  be  noted  that  this  is  a  somewhat  arbitrary  reference 
slate— used  only  for  comparison  with  the  other  data — as  the 
boundary  layer  flow  for  these  runs  was  laminar  upstream  of 
injection.  With  this  reference  value  (in  the  denominator  of  the 
ratio),  we  see  that  there  is  not  a  great  variation  from  the  heat- 
transfer  coefficient  for  a  turbulent  boundary  layer  without 
injection  other  than  dose  to  the  holes.  There,  laminar  flow 
injection  results  in  lower  heat-transfer  coefficients  (smaller 
transport  coefficients);  with  turbulent  injection,  the  eddies 
along  the  wall  give  an  increase  in  the  heat-transfer  coefficient. 

The  other  twr>  curves  for  the  initially  laminar  boundary 
layer  case  refer  to  the  data  0i„,  )  from  Fig.  8  for  open  holes  hi 
the  absence  of  a  trip.  Compared  to  this  case,  which  had  a 
somewhat  lower  heat-transfer  coefficient  than  when  the  trip 
was  present,  the  injection  increases  the  heat  transfer  to  a 
maximum  of  20-30  percent  over  that  without  injection.  In  the 
absence  of  injection  there  arc  still  essentially  laminat  patches 
along  the  wall  with  relatively  small  heat  transport.  Injection 
results  in  eddies  which  make  the  heat-transport  coefficient 
greater  than  that  with  the  laminar  patches.  Far  downstream  at 
this  blowing  rate,  the  heat-transfer  coefficient  is  little  altered 
by  the  injection  and.  of  course,  is  little  different  from  the  heat 
transfer  with  the  turbulent  boundary  layer  in  the  absence  ot 
injection. 
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Fig.  9  Lateral!  y  averaged  heat-transfer  coefficient 


- 1 1 

X/D  =  37  39  - 


0  0  5  1C  1.5 


Fig.  10  lateral  diatribuliona  of  heat-tranater  coefficient  (symbols  and 
experimental  condltiona  are  the  eame  aa  thoae  deacrtbad  in  Fig.  9) 


Fig.  11  laterally  averaged  heat-tranater  coetllelenta  veraue  blowing 
rate 


Figure  10  shows  ihe  spanwise  sariaiion  of  the  heat-transfer 
coefficient— in  alt  eases  compared  to  the  heat-transter 
coefficient  for  the  turbulent  boundary  layer  with  the  trip  in 
the  absence  of  injected  llow.  there  is  little  sanation  with  / 


other  ihan  close  to  injection.  With  an  initially  laminar 
boundary  layer,  h  is  relatively  small  between  the  holes  at 
-V/Z)  =  6.68,  where  one  might  expect  incomplete  transition  to 
turbulence.  Relatively  low  h  also  occurs  in  a  laminar 
boundary  layer  in  this  region  when  there  is  no  injection  yei 
open  holes. 

Figure  11  shows  the  variation  of  the  average  heat-transter 
coefficient  with  blowing  rate  at  three  different  downstream 
locations.  Some  results  from  [19|  arc  included  for  com¬ 
parison.  The  results  tor  laminar  injection  and  a  laminar 
boundary  layer  should  be  noted.  The  ratio,  h/h,„  is  less  than 
unity  at  small  X/D  over  the  range  of  X f  for  which  experiments 
could  be  run.  If  the  denominator  of  this  ratio  were  the  heat 
transfer  with  a  laminar  boundary  layer  and  no  injection  (even 
with  the  holes  open),  the  three  points  would  be  close  to  or 
above  unity.  Further  downstream,  the  ratio  is  near  or  above 
unity.  With  laminar  injection  the  heat-transfer  coefficient 
decreases  with  increasing  M  in  the  range  studied.  The  tur¬ 
bulent  jets  are  still  attached  to  the  wall  at  M= 0.5  and  lead  to 
a  somewhat  higher  heat  transfer  than  do  the  laminar  jets. 

There  is  a  decrease  in  h  /h  as  M  increases  for  the  case  of  the 
turbulent  jet  in  an  initially  laminar  boundary  layer  due  to  jet 
penetration.  At  higher  blowing  rates  the  heat  transfer 
coefficient  increases  with  XI,  as  had  been  shown  in  an  earlier 
study  [19|  for  the  turbulent  boundary  layer  and  turbulent  jet 
combination.  Under  .nose  conditions,  the  turbulent  jet  flow' 
i  tends  to  dominate  the  transport  characteristics  in  the 
mainstream.  * 

Conclusions 

The  major  influence  of  the  character  of  the  boundary  layer 
and  of  the  injection  jets  for  film  cooling  in  the  geometry 
studied  is  in  the  differing  results  for  laminar  jet  How  versus 
turbulent  jet  flow.  With  laminar  jets  the  maximum  in  film 
cooling  effectiveness  occurs  at  relatively  small  values  of  the 
blowing  parameter  XI.  This  is  due  to  the  greater  penetration 
of  the  laminar  jets  at  a  given  value  of  XI  as  compared  to 
turbulent  jets.  The  fuller  the  velocity  profile  of  the  jet,  the 
greater  is  the  blowing  rale  before  the  jet  tends  to  lift  off  the 
surface.  In  this  regard,  it  should  be  noted  that  flow  through  a 
short  entrance  section  occurs  in  many  applications  and  will 
often  result  in  a  blunt  velocity  profile. 

The  nature  of  the  boundary  layer  seems  to  play  a  bigger  role 
when  the  jet  is  turbulent,  at  least  in  terms  of  the  film-cooling 
effectiveness.  Thus,  there  is  a  higher  effectiveness  with  the 
laminar  boundary  layer  and  turbulent  jets,  at  least  close  to 
injection,  as  compared  to  the  turbulent  boundary  layer  with 
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the  turbulent  jet.  With  the  laminar  jet,  the  nature  of  the 
boundary  layer  does  not  greatly  influence  the  effectiveness. 

In  terms  of  heat  transfer  with  the  turbulent  boundary  layer, 
both  the  turbulent  and  laminar  jets  appear  to  have  similar 
influences.  For  the  initially  iaminar  boundary  layer  the  most 
important  effect  of  injection  is  its  influence  on  transition  to 
turbulence. 
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The  mass  transfer  coefficient  downstream  of  a  row  of  jets  entering  a  cross  flow  is  determined  by  measuring 
the  local  sublimation  rate  from  a  naphthalene  surface.  This  mass  transfer  relates  directly  to  the  heat  transfer 
that  would  occur  on  a  film-cooled  wall.  Mass  transfer  is  used  to  study  film  cooling  because  of  better  control  of 
the  boundary  conditions  and  greater  precision  in  the  local  measurements  than  would  occur  with  a  he.  ed  surface. 

The  experiments  indicate  that  jets  significantly  increase  the  transfer  coefficient  in  the  neighborhood  of  the  holes 
through  which  the  jets  emanate — in  particular,  Immediately  adjacent  to  the  holes  and  some  distance  downstream  of 
the  centerline  of  the  holes. 


NOMENCLATURE 

D  injection  tube  inner  diameter,  11.7  mm 

h  heat  or  mass  transfer  coefficient 

hH  heat  transfer  coefficient,  Eq.  2 

hM  mass  transfer  coefficient,  Eq.  3 

M  blowing  parameter  or  blowing  rate;  ratio  of  mass 
flux  of  Injected  air  to  mass  flux  of  free  stream 

■  mass  flux  of  naphthalene  from  surface 

Pr  Prandtl  number 

q  wall  heat  flux 

Sc  Schmidt  number 

Sh  Sherwood  number 

*  f  i 

St  Stanton  number 

T,w  adiabatic  wall  temperature 
Tr  free  stream  recovery  temperature 

Tj  film  coolant  temperature 

X  downstream  distance  from  downstream  edge  of 
Injection  holes 

X  lateral  distance  across  span  measured  from 

canter  of  Injection  holes 


Greek  Symbols 

pw  density  of  naphthalene  at  surface 

pjw  density  of  naphthalene  at  an  impermeable  surface 

n  film  cooling  adiabatic  wall  effectiveness,  Eq.  1 

INTRODUCTION 

Film  cooling  continues  to  be  a  widely-used  yet  not 
fully  understood  technique  to  prevent  overheating  of 
surfaces  exposed  to  high-temperature  gas  streams, 
the  emphasis  in  terms  of  applications  is  towards  gas 
turbine  systems — both  aircraft  and  land-based — where 
higher  gas  temperatures  can  lead  to  significant  im¬ 
provements  in  economy  and  output. 

In  film  cooling,  a  fluid  (usually  a  gas)  Is  injected 
from  and  along  the  surface  to  be  protected  from  a 
high-temperature  mainstream.  The  film  coolant  tends 
to  act  as  an  insulating  layer  separating  the  surface 
from  the  high-temperature  flow.  Alternately,  one  can 
consider  the  Injected  fluid  as  a  dilutant  which  redu¬ 
ces  the  temperature  in  the  boundary  layer.  Early 
film  cooling  studies  t 1 ]  concentrated  on  two- 
dimensional  flows  with  the  coolant  Introduced  contin¬ 
uously  across  the  span  of  the  surface  to  be  protec¬ 
ted.  In  many  applications,  however,  a  discontinuous 
injection  system  usually  with  one  or  more  rows  of 
discrete  holes  along  the  surface  is  used.  This  lat¬ 
ter  method  of  injection,  often  called  three- 
dimensional  film  cooling,  is  usually  not  as  effective 
as  two-dimensional  film  cooling  because  of  the  oppor¬ 
tunity  of  the  hot  mainstream  to  flow  underneath  the 
jets  of  coolant  that  emanate  from  the  discrete  holes. 
Recently,  full  two-dimensional  arrays  of  injection 
holes  along  the  surface  have  been  studied.  This 
full-surface  film  cooling  tends  to  approach  transpir¬ 
ation  cooling  in  the  limit  as  the  spacing  between  the 
injection  holes  decreases. 
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In  studying  either  two-dimensional  film  cooling  from 
a  single  slot  or  three-dimensional  film  cooling  from 
a  single  row  or  even  several  rows  of  holes,  a  conven¬ 
ient  means  of  analyzing  the  problem  has  been  to  con¬ 
sider  the  adiabatic  wall  temperature  and  the  heat 
transfer  coefficient  as  separate  quantities  to  be  de¬ 
termined.  The  adiabatic  wall  temperature  can  he  put 
In  a  convenient  dimensionless  form  as  a  film  cooling 
effectiveness 


In  the  Idealized  llmic,  the  effectiveness  would  he 
unity  near  Injection  and  far  downstream  the  effec¬ 
tiveness  would  approach  zero  as  the  adiabatic  wall 
temperature  approaches  the  freestream  recovery  tem¬ 
perature.  It  should  be  borne  In  mind  that  although 
the  latter  Is  generally  true,  the  effectiveness  — 
particularly  with  three-dimensional  film  cooling — Is 
usually  well  below  unity  even  close  to  Injection. 

Use  of  the  adiabatic  wall  temperature  permits  the  de¬ 
finition  of  a  well-behaved  heat  transfer  coefficient 

q  -  hH  (Tw  “  Taw) 
or 

hH  -  __q  (2) 
Tw  “  Taw 

Note  that  when  the  temperature  difference  (Tw-Tau)  is 
zero,  q  goes  to  zero  without  any  special  requirement 
on  hg.  In  addition,  some  distance  downstream  from  In¬ 
jection,  the  heat  transfer  coefficient  should  ap¬ 
proach  the  value  that  would  occur  on  a  similar  sur¬ 
face  with  similar  mainstream  flow  and  no  Injected 
flow. 

The  present  study  Is  concerned  with  measurements  that 
would  lead  to  prediction  of  the  heat  transfer  coeffi¬ 
cients  downstream  of  a  single  row  of  Injection  holes 
with  air  as  the  film  coolant  and  with  a  mainstream  of 
air.  Although  a  number  of  different  geometries  for 
the  Injection  holes  are  possible,  a  system  Is  chosen 
that  approximates  one  used  In  many  applications. 
This  Is  a  row  of  circular  holes  Inclined  at  35°  to 
the  surface  and  spaced  apart,  center  to  center,  by  3 
diameters.  Figure  1,  which  shows  part  of  the  test 
apparatus,  gives  an  Indication  of  this  geometry. 

PREVIOUS  STUDIES 

A  number  of  studies  have  been  made  on  three- 
dimensional  film  cooling.  Many  of  these,  however, 
have  been  concerned  primarily  with  the  determination 
of  adiabatic  wall  effectiveness.  Heat  transfer  Is 
much  more  difficult  to  determine,  particularly  when 
close  to  the  Injection  holes,  at  least  In  part  due  to 
thermal  conduction  to  or  from  the  Injected  flow 
through  the  wall  over  which  the  malnsteam  flows. 

Most  measurements  of  heat  transfer  with  film  cooling 
have  been  done  using  a  system  In  which  averages  are 
taken  at  least  across  the  span  of  the  tunnel.  This 
includes  studies  by  Metzger  and  Fletcher  [2], 
Metzger,  Kuenatler,  and  Takeucht  (31,  Lless  (4),  and 
Mayle  and  Camarata  (31. 

Crawford,  Kays  and  Moffat  used  heat  transfer  gauges 
to  study  the  heat  transfer  with  full-surface  film 
cooling  (6).  Heat  transfer  has  been  studied  In  high¬ 
speed  tunnels  using  transient  heat  flux  guages  by 
Schultz,  Oldfield  and  Jones  (7|  and  Louis  (81. 
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Local  measurements  of  heat  transfer  on  a  film-cooled 
surface  with  a  single  row  of  Injection  holes  have 
been  reported  by  Erlkson  and  Goldstein  [91  and 
Jabbart  and  Goldstein  (10],  In  these  studies,  a  uni¬ 
form  wall  heat  Flux  boundary  condition  was  approxi¬ 
mated  by  having  a  thin  heater  stretched  across  an  al¬ 
most  adiabatic  surface.  Heat  transfer  coefficients 
were  determined  from  local  measurements  of  the  wall 
temperature.  These  studies  indicated  an  increase  in 
the  heat  transfer  close  to  the  injection  location 
relative  to  that  on  an  equivalent  surface  without  in¬ 
jection.  The  heat  transfer  coefficients  increased  as 
the  amount  of  injected  gas  was  increased  and  tended 
to  decrease  some  distance  downstream  of  the  injection 
hole,  eventually  approaching  the  values  observed 
without  injection.  For  a  hole  geometry  similar  to 
that  tn  the  present  experiment,  the  closest  to  the 
holes  that  measurements  could  be  made  was  approxi¬ 
mately  5.57  diameters  downstream.  The  problem  with 
measurements  closer  to  the  holes,  in  these  as  in 
other  studies,  is  the  error  introduced  by  wall  con¬ 
duction  as  well  as  the  difficulty  in  having  a  heated 
surface  extremely  close  to  the  injection  region. 

The  present  study  was  initiated  to  obtain  information 
on  heat  and  mass  transfer  very  close  to  Injection 
holes  over  a  range  of  flow  conditions.  The  geometry 
chosen  was  similar  to  that  of  Ref.  [9],  a  single  row 
of  holes  inclined  at  35°  to  the  mainstream  with  3- 
diameter  center-to-center  spacing  between  the  holes. 
To  avoid  problems  encountered  with  heat  conduction  in 
the  wall,  a  mass  transfer  technique  was  used. 

MASS  TRANSFER  SYSTEMS 

A  mass  transfer  analogy  has  been  used  in  a  number  of 
studies  on  film  cooling.  With  two-dimensional  film 
cooling,  local  Impermeable  wall  concentrations  have 
been  compared  to  adiabatic  film  cooling  effectiveness 
for  some  time  [11,  12].  The  validity  of  this  mass 
transfer  analogy  for  Injection  through  a  row  of  dis¬ 
crete  holes  was  demonstrated  in  Ref.  [13).  The  ad¬ 
vantages  of  the  mass  transfer  analogy  for  measuring 
wall  effectiveness  are  that  a  large  range  of  densi¬ 
ties  can  he  obtained  without  having  large  temperature 
differences  and  the  problems  due  to  wall  conduction 
are  avoided. 

A  different  application  of  the  mass  transfer  analogy 
Is  used  in  determining  the  influence  of  injection  on 
the  heat  transfer.  Naphthalene  sublimation  has  been 
used  to  determine  average  mass  transfer  coefficients 
by  determining  the  mass  of  naphthalene  that  is  sub¬ 
limed  in  either  a  forced  or  nacural  convection  system 
(14).  With  this  technique  a  naphthalene  surface  is 
cast  in  the  particular  geometry  desired.  With  a 
forced  flow  across  that  surface,  mass  will  be  contin¬ 
ually  lost  due  to  diffusion  and  convection  In  a  simi¬ 
lar  manner  to  heat  transferred  from  a  surface.  The 
analogy  between  the  mass  transfer  and  heat  transfer 
processes  Is  direct,  tsklng  into  account  differences 
in  properties  and  assisting  the  turbulent  transport 
and  boundary  conditions  are  similar  for  the  mass 
transfer  and  heat  transfer  systems. 

One  boundary  condition  in  an  isothermal  air- 
,  naphthalene  system  would  be  constant  naphthalene 
vapor  pressure  and  vapor  concentration  at  the  surface 
which  is  equivalent  to  an  Isothermal  wall  heat  trans¬ 
fer  boundary  condition.  The  only  significant  differ¬ 
ence  in  boundary  conditions  appears  to  be  in  the 
velocity  at  the  wall.  The  finite  sublimation  of 
naphthalene  gives  a  normal  component  of  velocity 
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which  la  absent  In  most  convective  heat  transfer 
studies.  In  general,  this  component  of  velocity  Is 
snail  enough  that  It  does  not  significantly  alter  the 
sublimation  rate. 

A  mass  transfer  coefficient,  h^,  Is  defined  by 

"  *  \  (PwnPlw)  <3) 

In  the  present  study  the  concentration  of  naphthalene 
vapor  In  both  the  freestream  and  In  the  Injected  gas 
Is  zero  and  F.q.  (3)  reduces  to 

m  »  hM  pw  (4) 

This  Is  analogous  to  Eq.  2. 

The  analogy  Indicates  that  the  Sherwood  number  Is 
equivalent  to  the  Nusselt  number  If  the  Schmidt  num¬ 
ber  and  the  Prandtl  numbers  are  equal.  This  Implies 
not  only  equal  diffusion  coefficients  but  equal  tur¬ 
bulent  transport  coefficients  as  well. 

The  Schmidt  number  (approximately  2.5  at  ambient  tem¬ 
perature  for  naphthalene  diffusing  In  air)  has  a  dif¬ 
ferent  value  from  the  Prandtl  number  of  air  (~0.7). 
The  comparison  of  mass  transfer  and  heat  transfer  re¬ 
sults  Is  often  put  in  the  form 

Sh/Nu  -  (Sc/Pr)"  (5) 

where  n  Is  typically  of  the  order  of  0.4. 

The  validity  of  the  analogy  has  been  demonstrated  by 
Sogin  [15].  bocal  measurments  of  mass  transfer  were 
made  by  Lee  and  Barrow  [16]  and  Kan,  Miwa,  Morishlta, 
Munakata  and  Nomura  [17], 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  experiments  were  conducted  In  the  University  of 
Minnesota  Heat  Transfer  Laboratory  Wind  Tunnel.  The 
tunnel  cross  section  is  0.355  m  high,  0.61  m  wide, 
and  2.5  m  long.  Sidewalls  for  the  present  experiment 
reduced  the  width  of  the  channel  to  about  0.20  ra. 
These  walls  were  set  to  diverge  slightly  to  maintain 
a  uniform  free  stream  speed  of  the  air  In  the  tunnel. 

A  wire  trip  followed  by  sand  paper  was  placed  about 
0.41  m  upstream  of  the  naphthalene  plate.  The  main¬ 
stream  velocity  and  the  boundary  layer  profiles  were 
determined  using  a  total  pressure  probe  and  static 
pressure  wall  taps.  With  the  normal  free  stream 
speed  of  15  m/s,  the  boundary  layer  displacement 
thldkness  at  the  upstream  edge  of  the  Injection  ,}iolps  . 
was  about  2.2  mm.  The  Reynolds  number  based  on  this 
velocity  and  D  was  11  x  10^.  Extrapolation  of  the 
boundary  layer  thickness  upstream  Indicated  that  the 
effective  starting  point  of  the  boundary  layer  was 
155mm  upstream  of  the  trip  wire. 

Air  was  Injected  through  six  tubes,  with  three- 
diameter  spacing  placed  across  the  span.  These  tubes 
are  essentially  the  same  as  those  used  in  an  earlier 
study  [18] .  They  have  an  11.7  mm  ID,  a  14.3  ram  OD, 
and  are  long  enough  to  assure  fully-developed  turbu¬ 
lent  flow  at  the  exit  tn  the  absence  of  a  mainstream 
flow.  The  flow  Injected  through  the  tubes  could  be 
controlled  by  needle  valves.  The  overall  injected 
flow  was  determined  by  measuring  the  pressure  drop 
across  an  orifice  place.  Three  of  the  tubes  were  cut 
off  and  the  extensions  to  Che  place  surface  were  part 
of  the  Injection  system  Included  In  the  naphthalene 


plate  shown  In  Fig.  1.  The  Injection  tube  Reynolds 
number  was  2300  it  H  ■  0.2  and  about  23,000  at  M  •  2. 

The  removable  section  (Fig.  1)  consists  of  the  naph¬ 
thalene  test  plate.  Its  support,  and  three  Injection 
tubes  as  well  as  tenperature-measurlng  Instrumenta¬ 
tion.  The  main  body  of  the  naphthalene  test  plate  Is 
made  of  aluminum.  The  opening  In  the  tunnel  floor  In 
which  the  plate  sits  Is  241  mm  long  by  170  mm  wide. 
The  actual  naphthalene  surface  within  this  plate  Is 
184  mm  long  by  95  mm  wide.  Thermocouples  are  embed¬ 
ded  In  the  test  plate  to  measure  the  temperature  at 
the  naphthalene  surface.  The  tip  of  the  center  Injec¬ 
tion  tube  near  which  measurements  were  made  was  bev¬ 
eled  to  reduce  the  metal  exposure  so  that  mass  trans¬ 
fer  measurements  within  0.1  D  of  the  tube  could  be 
made.  When  the  test  plate  Is  In  the  tunnel  floor, 
the  three  tubes  are  connected  to  the  lower  portion  of 
the  Injection  system  through  tight  plastic  sleeves. 


Injection  Tube 

(14.3mm  O.D.,  11.7mm  I  D.) 


Fig.  1  The  naphthalene  test  plate 

In  preparing  the  naphthalene  mold,  the  test  plate  was 
placed  In  an  Inverted  position  on  a  lapped  stainless 
steel  plate.  The  perforated  plate  within  the  system 
(cf.  Fig.  1)  was  heated  to  about  80“C,  somewhat  below 
the  melting  point  of  naphthalene.  After  pouring  in 
the  molten  naphthalene,  the  system  was  allowed  to 
cool.  When  the  outer  naphthalene  surface  reached 
about  4 0°C,  it  was  freed  by  a  sharp  blow  to  the 
stainless-steel  plate. 

Measurements  of  the  naphthalene  surface  profile  were 
taken  before  and  after  exposure  In  the  wind  tunnel. 
For  these  measurements,  the  test  plate  was  placed  on 
a  lathe  bed  which  can  be  translated  in  the  X  and  Z 
directions.  A  mechanical  depth  gauge  accurate  to  ap¬ 
proximately  5  x  10"^  mm  with  a  range  of  0.2  mm  was 
used  to  determine  surface  profiles  from  measurements 
at  370  locations  in  the  area  shown  In  the  rectangle 
on^lg.  1.  Only  differences  In  naphthalene  height  or 
thickness  are  required.  However,  after  exposure  In 
the  wind  tunnel,  the  test  plate  could  not  be  replaced 
in  exactly  the  same  location  on  the  measuring  bed  as 
It  had  been  when  the  first  surface  measurements  were 
taken.  Therefore,  at  each  Z  location,  measurements 
were  taken  at  reference  points  on  the  alumnlnum  frame 


of  the  test  plate.  Thus,  the  displacement  of  a  point 
on  the  surface  from  a  line  connecting  these  reference 
points  both  before  and  after  exposure  in  the  wind 
tunnel  could  be  determined.  The  amount  of  naphtha¬ 
lene  sublimed  varied  from  ~.05  mm  to  -.18  mm. 

Due  to  the  great  sensitivity  of  the  naphthalene  vapor 
pressure  to  temperature,  care  was  taken  to  be  sure 
the  system  was  Isothermal.  Temperatures  were  mea¬ 
sured  continuously  using  thermocouples  embedded  close 
to  the  naphthalene  surface,  along  the  Injection 
tubes,  and  In  the  mainstream.  Usually,  the  naphtha¬ 
lene  surface  could  be  maintained  within  0.25°C  of  the 
free  stream  and  Che  Injected  air  within  0.15°C  of  the 
free  stream. 

Measurements  of  the  surface  temperature  gave  naphtha¬ 
lene  vapor  pressure  and  density  or  concentration. 
These  measurements  were  taken  every  five  minutes  and 
an  average  concentration  was  used  to  determine  Che 
value  over  the  period  of  the  test.  At  the  lowest 
blowing  rate  the  naphthalene  surface  was  exposed  for 
approximately  90  minutes.  At  the  highest  blowing 
rate  the  test  runs  lasted  about  60  minutes. 

Knowing  the  change  of  depth  and  the  density  of  solid 
naphthalene,  the  local  mass  transfer  over  the  period 
of  exposure  In  the  wind  tunnel  could  be  obtained. 
From  this  and  the  surface  concentration,  the  mass 
transfer  rate  and  the  Sherwood  number  were  deter¬ 
mined.  The  measurements  were  corrected  for  sublima¬ 
tion  during  the  time  profiles  were  being  measured, 
the  time  to  set  up  the  test  plate  In  the  tunnel,  and 
the  time  for  remounting  It  In  the  measuring  appara¬ 
tus.  The  total  correction  was  typically  of  the  order 
of  6.5X  of  the  smallest  sublimation  depth. 

MASS  TRANSFER  RESULTS 

The  first  measurements  of  mass  transfer  were  made  on 
a  flat  uninterrupted  surface  of  naphthalene.  From 
the  measurements  Sherwood  numbers  and  Stanton  numbers 
for  mass  transfer  were  calculated.  These  results 
compare  favorably  to  a  correlation  for  heat  transfer 
from  a  flat  surface  to  a  turbulent  boundary  layer  of 
air  taking  Into  account  an  "un-heated"  starting 
length  and  using  Eq.  5.  The  experimental  points  are 
about  2X  above  the  prediction  line  and  have  an  almost 
Identical  slope. 

The  measurements  on  the  continuous  naphthalene  sur¬ 
face  Indicated  Che  validity  of  Che  mass  transfer 
analogy  for  studying  heat  transfer.  They  also  gave 
the  reference  point  for  mass  transfer  coefficients  on 
an  undisturbed  surface,  h0,  to  which  the  results  with 
Inject  ton  are  compared. 

The  influence  of  Injection  through  the  tubes  on  mass 
transfer  Is  presented  In  terms  of  the  ratio  of  the 
mass  transfer  coefficient  with  and  without  Injection 
h/h0.  Note  that  ho  is  determined  in  the  absence  of 
the  injection  tubes  as  well.  Figure  2  contains  plots 
of  the  relative  mass  transfer  with  distance  down¬ 
stream  at  different  lateral  positions,  Z.  Each  part 
of  the  figure  le  for  a  different  blowing  rate.  The 
position  X  ■  0  corresponds  to  the  downstream  edge  of 
the  injection  holes  and  Z  «  0  to  the  center  of  a 
hole. 

The  results  are  also  plotted  in  contour  form  In 
Figure  3  for  different  blowing  rates.  These  contours 
were  obtained  from  cross  plots  of  the  data  shown  In 
Fig.  2.  The  ellipses  in  Figure  3  represent  the  In¬ 


side  surface  of  the  Injection  hole  In  the  plate  of 
the  naphthalene.  Contours  for  h/h0  less  than  1.25 
are  not  drawn  as  they  tend  to  spread  out  over  large 
areas. 

Several  special  comparison  tests  were  made.  One  was 
for  M  -  0;  for  this  experiment  the  lower  portion  of 
each  Injection  tubes  was  plugged.  These  results  es¬ 
sentially  show  the  effect  of  the  tube  opening  without 
any  net  outflow.  A  test  with  the  top  of  the  Injec¬ 
tion  hole  plugged  to  give  a  smooth  surface  gave  re¬ 
sults  which  were  very  close  to  that  of  a  continuous 
surface  of  naphthalene.  The  slight  difference  ob¬ 
served  could  be  explained  by  the  different  concentra¬ 
tion  boundary  condition  at  the  plugged  hole. 

We  had  postulated  that  the  jets,  especially  at  high 
blowing  rate,  might  act  very  much  like  solid  rods 
blocking  the  mainstream  flow  and  produce  eddies  simi¬ 
lar  to  that  around  a  tube  In  a  crossflow.  To  examine 
this,  another  set  of  mass  transfer  data  was  obtained 
with  aluminum  rods  placed  Into  the  injection  holes  to 
provide  some  solid  blockage  of  the  raa  1 ns t ream  cross- 
flow.  The  rod  extended  up  into  the  flow  a  distance 
of  50  mm  past  the  downstream  end  of  the  naphthalene 
surface. 

There  are  few  earlier  tests  that  show  the  effect  of 
injection  on  heat  and  mass  transfer  close  to  an  In¬ 
jection  hole.  For  a  row  of  inclined  holes,  heat 
transfer  data  were  obtained  19)  no  closer  than  X/D  - 
5.5.  In  that  study,  there  was  concern  for  the  effect 
of  heat  conduction  close  to  Injection.  The  present 
results  give  reasonably  good  agreement  with  Ref.  )9), 
particularly  at  large  Z/D.  Close  to  the  centerline, 
somewhat  higher  values  of  h/h0  were  found  in  the  pre¬ 
sent  results.  This  may  be  due  to  the  difference  In 
Reynolds  number,  the  effect  of  heat  conduction  In  the 
tests  of  Ref.  [9],  or  the  lower  values  of  h„  at  a 
given  X/D  due  to  an  active  surface  upstream  of  the 
Injection  holes  for  this  study  vs  no  upscream  heating 
in  Ref.  [9]. 

The  results  shown  in  Figs.  2  and  3  can  perhaps  best 
be  described  by  considering  different  regions  on  the 
surface  around  an  Injection  hole.  Referring  to 
Figure  4,  A  corresponds  to  the  region  upstream  of  the 
injection  hole,  B  to  a  region  midway  between  two 
holes,  C  to  the  region  immediately  downstream  of  a 
hole  where  a  low  transfer  coefficient  was  observed,  0 
to  the  region  of  high  mass  transfer  coefficient  imme¬ 
diately  adjacent  to  an  Injection  hole,  E  to  the  re¬ 
gion  of  high  transfer  coefficient  downstream  of  the 
injection  hole,  and  F  to  a  region  of  relatively  high 
transfer  coefficient  some  distance  downstream  of  the 
injection  hole  which  occurs  at  the  highest  blowing 
rates. 

Upstream  of  the  Injection  hole  (region  A),  the  mass 
transfer  is  little  affected  by  the  presence  of  the 
Jet.  At  intermediate  blowing  rates  there  Is  slight 
decrease  of  mass  transfer,  probably  due  to  the  slow¬ 
ing  down  of  the  mainstream  fluid  by  the  Jet.  At 
small  M  there  is  not  enough  flow  to  slow  down  the 
mainstream  air,  while  at  large  M  the  downstream  velo¬ 
city  component  of  the  jets  Is  close  to  that  of  the 
mainstream  fluid.  With  the  solid  bar  (Fig.  2),  there 
Is  an  Increase  In  the  mass  transfer  coefficient  close 
to  the  bar.  This  Is  probably  due  to  secondary  flow 
similar  to  that  observed  near  cylinders  maintained 
normal  to  a  solid  surface.  The  flow  induced  by  the 
boundary-layer  cylinder  Interaction  sweeps  out  a  re- 
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Fig.  5  Average  values  of  h/hQ  at  M  -  0.2  to  2.0 
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Fig.  A  The  pattern  of  high  transfer  areas  around 
the  Injection  holes 

glon  upstream  of  the  cylinder.  The  effect  would  be 
smaller  with  a  cylinder  Inclined  downstream. 

In  the  central  area  between  the  holes  (region  B),  In¬ 
jection  has  little  effect  on  the  mass  transfer  coef¬ 
ficient  except  at  the  highest  blowing  rates.  Even 
then  the  Increase  Is  only  of  the  order  of  10Z,  which 
may  be  due  to  mainstream  acceleration  caused  by  jet 
blockage. 

Immediately  downstream  of  the  Injection  hole  (region 
C),  relatively  low  mass  transfer  rates  occur.  The 
minimum  occurs  at  0.2  to  0.3  diameters  downstream  for 
most  M.  For  zero  blowing  rate,  however,  there  Is  ac¬ 
tually  a  maximum  value  at  the  edge  of  the  Injection 
hole  downstream  edge.  The  reduced  mass  transfer  In 
region  C  for  most  M  can  be  explained  by  the  action  of 
the  jets  creating  a  stagnation  region  immediately 
downstream  of  Injection.  The  blowing  rate  has  little 
effect  on  this  region. 

For  all  flow  rates  other  than  M  «  0,  there  Is  an  area 
(region  0)  of  very  high  mass  transfer  coefficient 
along  the  sides  of  the  Injection  hole  which  extends 
some  distance  downstream  (cf.,  Fig.  3).  This  high 
mass  transfer  results  from  the  jet  mainstream  l>nter-< 
action  In  large  shear  stresses  and  eddies  at  the* 
edges  of  the  jets.  A  similar  result  occurs  with 
solid  blockage. 

Region  D  (defined  by  the  h/h0  “  1.25  contour)  extends 
from  X/D  3  -1.2  to  X/D  3  6.  at  M  -  0.2.  At  M  -  0.5, 
this  length  Is  considerably  smaller  but  gradually  in¬ 
creases  as  M  1 s  Increased  above  this  point.  The  min¬ 
imum  In  the  extent  of  region  D  may  be  due  to  lift-off 
of  the  Jet  from  the  surface.  the  maximum  value  of 
h/h0  along  the  sides  of  the  Injection  holes  is  be¬ 
tween  2.5  and  3.0  for  most  M.  This  maximum  usually 
occurs  between  X/D  of  -1  and  -0.5.  The  narrow  width 
of  the  high  mass  transfer  coefficient  region  suggests 
the  scale  of  the  eddies  created  by  the  Jet -mainstream 
Interaction.  This  region  of  high  mass  transfer  ex¬ 
tends  considerably  further  downstream  with  the  jets 
as  contrasted  to  solid  blockage. 


Downstream  of  the  injection  hole  (region  E),  the  max¬ 
imum  mass  transfer  occurs  at  X/D  3  .75  for  most  val¬ 
ues  of  M  and  at  X/D  3  0.55  for  solid  blockage.  The 
maximum  of  h/hQ  in  this  region  Increases  from  1.65  at 
M  *  0.2  to  4.0  at  M  ■  2.0;  It  Is  3.5  for  solid  block¬ 
age.  As  M  Increases  from  0.2  to  0.5,  the  width  of 
the  region  (defined  by  h/hQ  -  1.25  contour)  Increases 
and  then  remains  about  the  same  at  higher  M.  The 
length  of  the  region  Increases  from  1.5  to  3.8  diame¬ 
ters  downstream  as  M  Increases  from  0.5  to  0.65. 
Further  Increases  in  M  lengthen  the  region  out  to  X/D 
3  7.0  at  M  -  1.5  and  past  the  edge  of  the  naphthalene 
plate  (X/D  -  7.16)  at  M  ■  2.  The  shape  of  this  re¬ 
gion  Is  affected  by  separation  of  the  jet  from  the 
surface  which  begins  to  occur  at  M  3  0.5.  With  se¬ 
paration,  the  mainstream  flow  penetrates  beneath  the 
jet  and  forms  large  eddies  which  Increase  the  mass 
transfer.  At  small  M  the  jet  remains  attached  to  the 
surface  and  the  increase  In  mass  transfer  Is  quite 
small.  At  high  M  the  pattern  of  mass  transfer  due  to 
the  jets  Is  similar  to  that  with  solid  blockage  ex¬ 
cept  that  in  the  former  case  the  downstream  region  of 
high  mass  transfer  is  narrower. 

At  high  M,  (1.5  and  2.0),  two  areas  of  high  transfer 
coefficient  (region  F)  are  present  downstream  of  In¬ 
jection.  This  region,  symmetrical  about  the  line  Z  - 
0,  apparently  results  from  the  partial  reattachment 
of  the  jet  to  the  surface.  A  jet  entering  a  cross 
stream  can  form  a  kidney-shaped  cross  section  with 
two  symmetrical  lobes  that  extend  close  to  the  sur¬ 
face  [19].  When  the  flow  in  these  lobes  touches  the 
surface  some  distance  downstream  of  Injection,  In¬ 
creased  wall  shear  and  mass  transfer  coefficient  can 
occur. 

It  Is  also  of  Interest  to  see  how  the  mass  transfer 
averaged  across  the  span  of  the  plate  varies  with  po¬ 
sition  and  blowing  rate.  For  Fig.  5,  averages  were 
obtained  by  numerically  Integrating  the  local  mass 
transfer  coefficient  measurements  across  the  span. 
Considering  only  the  area  where  there  was  an  active 
surface  and  not  the  open  area  of  the  Injection  hole, 
a  characteristic  of  these  plots  is  the  presence  of 
two  maxima.  One  is  due  to  the  high  transfer  coeffi¬ 
cients  In  region  D  and  Is  at  X/D  between  -1  and  -0.5. 
The  second  peak  at  X/D  between  0.5  and  0.9  Is  chiefly 
due  to  the  high  mass  transfer  In  region  E  directly 
downstream  of  the  hole.  As  the  blowing  rate  In¬ 
creases,  the  magnitude  of  the  upstream  peak  stays  ap¬ 
proximately  constant  at  about  1.35  while  the  value  of 
the  second  maximum  Increases. 

SUMMARY 

n le  mass  transfer  coefficient  on  a  surface  near  a  row 
of  holes  through  which  air  Is  Injected  has  been  mea¬ 
sured.  The  measurements  Indicate  large  Increases  In 
the  mass  transfer  close  to  the  sides  of  the  Injection 
holes  (region  D)  and  some  distance  downstream  of  the 
holes  (region  E).  The  results  also  Indicate  that  the 
Influence  of  the  jets  at  high  blowing  rates  on  the 
mass  transfer  Is  similar  In  many  respects  to  the  ef¬ 
fect  of  solid  blockage  that  occurs  If  a  solid  rod  Is 
placed  Into  the  Injection  hole  and  extended  out  Into 
the  mainstream. 
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ABSTRACT 

Film  cooling  and  impingement  cooling  as 
used  in  modern  gas  turbine  systems  are  de¬ 
scribed.  Both  processes  lead  to  three- 
dimensional  turbulent  flows  which  are  com¬ 
plex  and  difficult  to  analyze.  Different 
experimental  techniques,  including  the  use 
of  mass  transfer  analogies,  have  been  used 
in  studying  such  flows  to  permit  more  ac¬ 
curate  measurements  and  to  avoid  the  neces¬ 
sity  of  going  to  a  high-temperature  hostile 
environment  in  the  laboratory.  The  pre¬ 
sent  paper  primarily  describes  research 
that  has  been  performed  in  the  Mechanical 
Engineering  Department  of  the  University  of 
Minnesota.  ^ 


NOMENCLATURE 

D  m  injection  hole  diameter 

h  «  heat  transfer  coefficient 

h.  *  heat  transfer  coefficient  in  ab¬ 
sence  of  injection 
I  ■  momentum  flux  ratio 
K  *  acceleration  parameter 
M  •>  blowing  rate  (PjUj/o^uJ 

Nu  ”  Nusselt  number 

ReD  =  Reynolds  number  (u^D/v^) 

Rej  *  u2D/v2 

S  “  spacing  between  injection  holes 

T  m  temperature 

Taw  «  adiabatic  wall  temperature 

Tr  ■  recovery  temperature  of  mainstream 

Tw  “  wall  temperature 

T2  *  temperature  of  injected  fluid 

T—  *  temperature  of  mainstream 

u2  «  velocity  of  injected  (coolagt)  fljpid 

u^  ■  velocity  of  mainstream 

X  “  distance  downstream  from  trailing 

edge  of  injection  hole 
Y  *  distance  normal  to  surface 
Z  «  position  along  span,  measured  from 
center  of  injection  hole 
a  «  angle  between  injected1  flow  and 
mainstream 

4*  ■  momentum  thickness  of  boundary  layer 

P2  “  density  of  injected  fluid 

Pm  ■  density  of  mainstream  fluid 

n  “  film  cooling  effectiveness 

nCL  ■  film  cooling  effectiveness  at  Z»0 

h  ■  film  cooling  effectiveness  averaged 
over  the  span 
(T-TJ/(T2-TJ 


Vj  ■  viscosity  of  injected  fluid 
v,,  “  viscosity  of  mainstream  fluid 


INTRODUCTION 

Gas  turbine  engine  designs  have  progressed 
to  higher  and  higher  temperatures  at  the 
inlet  to  the  turbine  section.  In  some  sys¬ 
tems,  this  inlet  temperature  is  higher  than 
the  melting  point  of  the  turbine  blades. 
Thus ,  some  means  must  be  provided  to  pro¬ 
tect  the  blades  and  maintain  them  at  tem¬ 
peratures  not  only  below  their  melting 
point  but  sufficiently  low  to  ensure  long 
operating  life  in  the  face  of  extreme  tem¬ 
perature  gradients  and  the  potential  of 
stress  rupture  and  creep. 

On  stationary  gas  turbine  systems,  various 
coolants  may  be  employed  to  maintain  mod¬ 
erate  temperatures  on  the  exposed  surfaces. 
One  design  under  consideration  uses  water 
cooling.  If  the  blade  is  only  cooled  in¬ 
ternally,  however,  the  temperature  drop 
across  the  blade  skin  — even  with  ideal 
cooling —  may  be  so  high  that  the  external 
temperature  of  the  blade  surface  may  be  at 
an  unacceptable  value.  With  water-cooling 
systems,  a  very  thin  skin  is  used  and  rel¬ 
atively  low  temperature  water  serves  as 
the  coolant. 

For  an  aircraft  engine,  the  only  coolant 
generally  available  is  the  air  that  flows 
through  the  engine.  This  usually  is  taken 
off  at  some  stage  of  the  compressor,  often 
at  the  last  stage,  and  thus  is  already  at 
a  somewhat  elevated  temperature.  In  addi¬ 
tion,  because  of  the  relatively  poor  heat 
transfer  characteristics  of  air,  internal 
convection  cooling  may  not  be  sufficient. 
Often  some  means  must  be  taken  to  reduce 
the  heat  flow  from  the  hot  gas  to  the  out¬ 
side  surface  of  the  blade  itself. 

Figure  1  shows  a  high-performance  turbine 
blade  for  a  modern  engine  [1].  Rather 
than  a  simple  solid  blade,  the  inside  is  a 
complex  geometry  of  flow  passages  to  pro¬ 
vide  different  types  of  cooling.  Near  the 
leading  edge  region  of  the  blade  the  exter¬ 
nal  heat  transfer  is  very  high:  an  im¬ 
pingement  system  provides  an  array  of  jets 
.which  strike  the  inside  surface  in  this 
■^region.  These  jets  provide  a  relatively 
high  internal  convection  heat  transfer  co¬ 
efficient.  The  spent  air  from  the  jets  can 
then  flow  out  through  film  cooling  holes. 
The  injected  (or  coolant)  air  provides  con¬ 
siderable  heat  transfer  during  its  flow 
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Figure  1  Typical  High  Pressure  Turbine 
Blade  Using  a  Combination  of 
Film,  Impingement,  and  Promoted 
Convection  Cooling  [13 

through  the  skin  of  the  blade ,  particularly 
in  the  leading  edge  region.  In  terms  of 
film  cooling  action  upon  injection  to  the 
external  flow,  the  coolant  should  be  kept 
close  to  the  surface  where  it  serves  as  an 
insulating  layer  between  the  surface  and 
the  hot  gas  flowing  over  it.  In  addition 
to  the  leading  edge  region,  film  cooling 
holes  are  often  provided  on  both  the  pres¬ 
sure  and  suction  sides  of  the  blade.  In 
the  aft  region  of  the  blade,  internal  con¬ 
vection  cooling  includes  the  use  of  pin 
fins.  These  promote  the  heat  transfer  in 
the  trailing  edge  region  of  the  blade. 

The  air  that  is  used  for  cooling  is  supplied 
by  the  compressor.  If  not  used  for  cooling, 
it  could  flow  through  the  compressor  and 
turbine  stages,  providing  more  engine  out¬ 
put.  Design  practice  calls  for  using  as 
little  cooling  air  as  possible  to  maximire 
the  throughflow  to  the  combustor  and  tur¬ 
bine.  In  addition,  the  air  injected  by 
film  cooling  or  out  the  trailing  edge  of 
the  blades  should  not  decrease  too  greatly 
the  aerodynamic  efficiency  of  the  turbine. 

The  work  to  be  described  primarily  concerns 
film  cooling  research  conducted  at  the 
Mechanical  Engineering  Department  at  the. 
University  of  Minnesota.  Developments  to 
measure  film  cooling  effectiveness  and  heat 
transfer  following  coolant  injection  are 
described.  Research  has  also  been  done  on 
impingement  cooling  in  the  presence  of 
crossflow,  either  from  a  separate  air  stream 
or  from  an  upstream  set  of  injection  holes. 

FILM  COOLING 

• 

If  only  internal  air  cooling, is  used,  the 
temperature  drop  across  the  ifkin  of  a  gas 
turbine  blade  may  be  too  high.  Thus,  in 
many  systems,  some  means  of  reducing  the 
heat  flow  to  the  outside  of  the  turbine 
blade  must  be  provided.  This  can  be  done 
with  film  cooling,  in  which  relatively 
cool  air  is  injected  close  to  the  surface 
of  the  blade.  This  air  flows  downstream 
along  the  surface,  acting  as  an  insulating 
layer  and  separating  the  hot  gas  stream 
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from  the  turbine  blade  .  Another  way  of 
looking  at  the  film  coolant  is  that  it 
tends  to  decrease  the  temperature  in  the 
boundary  layer  and  thus  reduces  the  heat 
flow  to  the  blade  surface.  The  flow 
through  injection  holes  also  provides  more 
internal  cooling  of  the  blade  skin.  This 
is  particularly  important  in  the  leading 
edge  holes  which  are  often  designed  to 
have  a  fairly  large  length-to-diameter 
ratio. 


Different  injection  systems  have  been  used 
for  film  cooling  [2].  In  what  has  come  to 
be  called  two-dimensional  film  cooling,  a 
continuous  slot  (across  the  span  of  the 
system)  is  used  to  inject  fluid.  Various 
types  of  step-down  slots,  angled  injection, 
and  flow  through  porous  regions  along  a 
wall  have  been  used  (Figure  2) .  These  two- 
dimensional  systems  are  usually  quite  ef¬ 
fective,  as  the  continuous  flow  of  coolant 
-^across  the  span  is,  essentially,  impressed 
down  upon  the  wall  by  the  mainstream  flow, 
providing  effective  protection  of  the  sur¬ 
face.  However,  such  geometries  are  not 
feasible  in  many  systems  — such  as  in  gas 
turbine  blades.  In  these,  a  series  of  dis¬ 
crete  injection  holes  is  required  for  the 
proper  structural  characteristics;  either 
a  single  row  or  multiple  rows  of  holes  can 
be  used.  With  full  surface  film  cooling 
there  is  a  two-dimensional  array  of  in¬ 
jection  holes  along  the  surface  of  the 
blade,  a  system  that  approaches  transpira¬ 
tion  cooling. 
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Figure  2  Film  Coc 
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With  discrete  hole  injection  — for  example, 
through  a  single  row  of  angled  injection 
holes—  the  film  cooling  performance  is 
often  far  worse  than  with  a  continuous 
slot.  The  resulting  three-dimensional 
flow  (three-dimensional  film  cooling)  can 
permit  individual  jets  of  injected  fluid 
to  penetrate  through  the  boundary  layer 
-into  the  mainstream.  The  injected  fluid, 
.then,  is  not  close  to  the  surface  which  it 
-,1s  intended  to  protect.  Mainstream  flow 
can  go  around  the  jet  and  heat  or  overheat 
the  surface  which  it  is  supposed  to  pro¬ 
tect. 

Figure  3  is  a  representation  of  the  flow 
following  injection  at  relatively  high 
blowing  rate,  M  — in  this  case,  through  a 


I 


: 


Figure  3  Sketch  of  Half-Jet  Based  on 
Tuft  Observations 


single  hole  normal  to  the  surface.  The  jet 
takes  on  a  kidney-like  shape  with  main¬ 
stream  flow  going  around  and  under  the  jet. 

Figure  4  shows  the  temperature  profiles 
downstream  of  a  single  normal  jet  [3] .  Note 
that  when  the  flowing  rate  is  fairly  small, 
the  jet  appears  to  remain  very  close  to  the 
surface.  As  the  blowing  rate  increases,  the 
jet  lifts  away  from  the  surface,  with  the 
center  of  the  jet  considerably  elevated  and 
rising  continually  as  it  goes  downstream. 
Figure  5  shows  contours  of  constant  temper¬ 
ature  at  various  positions  downstream  of  a 
single  injection  hole  [3].  Note  the  kidney¬ 
shaped  profile  of  the  isothermal  lines. 

From  these  profiles,  high  blowing  rate  in¬ 
jection  would  not  be  expected  to  provide 
good  film  cooling  performance  because  the 
coolant  is  away  from  the  surface. 
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Injection  Angle,  Z/D=0 


The  interaction  of  a  jet  entering  at  some 
angle  to  the  mainstream  can  result  in  very 
large  eddies  of  the  order  of  size  of  the 
jet  diameter  or  greater.  This  large-scale 
interaction  makes  analytical  prediction  of 
the  flow  and  heat  transfer  along  the  wall 
quite  difficult.  Figure  6  shows  the  flow 
interaction  of  a  jet  entering  normal  to  a 


Figure  5  Constant-Temperature  Contours 
for  90  Deg  Injection  Anale, 
M=2.0 


fluid  stream  [4].  Greater  penetration  is 
observed  at  the  large  blowing  rates.  The 
short-time  exposure  photos  show  the  large 
scale  of  the  eddy  motion  of  the  flow,  it 
is  not  apparent  from  the  picture  that 
there  is  an  actual  "lift-off"  of  the  jet 
at  high  blowing  ratio  as  is  indicated  in 
Figs.  3-5.  Lift-off  does  occur,  al¬ 
though  at  times  the  eddies  from  the  jet 
do  touch  down  upon  the  surface. 
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Figure  6  Photographs  of  Jet  in  Crossflow 
with  Normal  Injection 


Many  of  the  figures  shown  previously  repre¬ 
sent  flow  from  a  single  jet  entering  a 
mainstream.  In  practice,  of  course,  at 
least  a  row  of  jets  is  used  in  film  cool¬ 
ing.  In  addition,  the  injection  is  gener¬ 
ally  not  normal  but  inclined  as  close  to 
the  wall  as  possible.  This  tends  to  keep 
the  jet  closer  to  the  surface.  Design 
limitations,  however,  often  preclude  the 
jets  being  at  angles  smaller  than  30  or  35 
degrees  from  the  surface. 

In  determining  the  effectiveness  of  protec¬ 
tion  that  film  cooling  affords,  different 
parameters  can  be  used.  A  common  and  con¬ 
venient  one  is  a  measure  of  the  adiabatic 
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wall  temperature, Taw.  This  is  the  tempera¬ 
ture  of  a  wall  downstream  of  film  cooling, 
assuming  the  wall  is  truly  adiabatic,  with¬ 
out  any  heat  passing  through  it.  It  is  the 
limiting  temperature  that  the  wall  would 
reach  and  permits  the  use  of  a  simple  and 
convenient  dimensionless  parameter,  the 
"film  cooling  effectiveness”. 


The  adiabatic  wall  temperature  provides  a 
reference  that  can  be  used  in  defining  a 
heat  transfer  coefficient. 


q  =  h  (Tw  -  Taw)  (2) 

far  downstream  the  dimensionless  film  cool¬ 
ing  effectiveness  would  generally  approach 
zero  while  near  injection,  at  least  with 
two-dimensional  film  cooling,  Taw  is  close 
to  the  injection  temperature  and  the  ef¬ 
fectiveness  is  close  to  unity. 

The  film  cooling  effectiveness  is  a  func¬ 
tion  of  many  variables,  including  the  geo¬ 
metry  of  the  injection  system,  the  proper¬ 
ties  of  the  mainstream  and  injection  fluids 
(in  particular,  the  density  difference  if 
the  two  are  the  same  chemical  composition), 
the  position  along  the  surface,  and  the 
blowing  parameter,  M,  or  the  momentum  flux 
ratio,  I. 

Though  not  the  only  possible  definition  for 
h,  the  one  giv.en  by  Equation  2  is  conven¬ 
ient.  When  the  wall  temperature  approaches 
the  adiabatic  wall  temperature , h maintains 
its  finite  value.  Far  downstream  the  heat 
transfer  coefficient  should  approach  that 
due  to  the  mainstream  flow  alone.  This 
latter  property  has  often  been  found  to  be 
the  case,  even  relatively  close  to  injec¬ 
tion  for  small  and  moderate  blowing  rates. 

Figure  7  shows  the  variation  of  the  adia¬ 
batic  wall  temperature  (film  cooling  ef¬ 
fectiveness)  with  blowing  rate  for  injec¬ 
tion  through  tubes  inclined  at  an  angle  of 
30  degrees  to  the  wall  surface  [5].  The 
effectiveness  is  determined  along  a  line 
downstream  of  the  center  of  an  injection 
hole  (Z*0).  Note  the  maximum  effective¬ 
ness  occurs  at  a  blowing  parameter  of  ap¬ 
proximately  O.S.  There  is  relatively 
close  agreement  between  the  results  for 
single  hole  injection  and  for  a  row  (across 
the  span)  of  holes,  at  least  at  low  and 
moderate  blowing  rates  and  shall  distances 
downstream.  As  more  mass  is>injected 
through  the  injection  holes  (M  larger) ,  one 
might  expect  more  flow  along  the  surface  to 
act  as  an  insulating  layer  or  more  mass  to 
reduce  the  temperature  in  the  boundary 
layer.  However,  at  sufficiently  high  blow¬ 
ing  rates  the  jet  tends  to  leave  the  sur¬ 
face,  resulting  in  poor  effectiveness. 

With  a  row  of  holes  at  high  blowing  rates, 
the  jets  can  merge  together  some  distance 
downstream  and  be  partially  turned  towards 
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Figure  7  Effect  of  Blowing  Rate  on  Cen¬ 
terline  Film  Cooling  Effective¬ 
ness  for  Single  Hole  and  Multiple 
Hole  Injection  at  an  Angle  of 
35  Deg  with  the  Flow 

the  wall,  resulting  in  an  increase  of  ef¬ 
fectiveness  with  M  at  large  X. 

Strictly  speaking,  the  results  shown  in 
Fig.  7  are  only  valid  for  a  density  ratio, 
P2/°»»  close  to  unity.  To  study  the  in¬ 
fluence  of  larger  variations  in  the  den¬ 
sity  of  injected  gas  compared  to  that  of 
the  mainstream,  an  injection  temperature 
very  different  from  that  of  the  main  flow 
could  be  used.  This  is  what  occurs  in 
many  applications  where  the  absolute  tem¬ 
perature  of  an  air-free  stream  may  be 
1-1/2  to  2-1/2  times  that  of  injected 
coolant  air,  resulting  in  very  large  den¬ 
sity  differences.  The  use  of  a  mass  trans¬ 
fer  analogy  permits  a  study  of  the  effect 
of  density  ratio  on  film  cooling  at  moder¬ 
ate  (room)  temperature.  With  this  system 
[6] ,  instead  of  injecting  a  hotter  or 
colder  gas  through  the  injection  holes,  air 
mixed  with  another  gas  — either  a  tracer, 
to  have  a  density  ratio  of  approximately 
unity,  or  a  large  concentration  of  the 
other  gas,  to  have  a  density  higher  or 
lower  than  that  of  air—  is  used.  Down¬ 
stream  of  injection,  a  wall  concentration, 
rather  than  a  wall  temperature,  is  measured. 
This  wall  concentration  leads  to  an  imper¬ 
meable  wall  effectiveness  which  can  be 
shown  to  be  equivalent  to  the  film  cooling 
(thermal)  effectiveness  [6,7], 

The  effect  of  density  on  film  cooling  can 
be  observed  in  Figure  8  [6].  For  varying 
injection  rate,  the  maximum  of  effective¬ 
ness  appears  to  occur  at  a  fixed  ratio  of 
the  velocity  of  the  injected  fluid  to  that 
of  the  mainstream  fluid.  Note  that  the 
-figure  shown  is  specific  to  the  injection 
•geometry  used,  a  single  row  of  holes  in¬ 
clined  at  approximately  35  degrees  to  the 
mainstream. 
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Figure  8  Effect  of  Injection  Velocity  On 
the  Center-Line  Effectiveness 
for  Injection  Through  a  Row  of 
Inclined  Holes*  Z/D=Q  % 

An  important  goal  is  reducing  the  effect  of 
blow-off  on  film  cooling  effectiveness. 
Essentially  this  means  preventing,  or  de¬ 
laying,  blow-off  so  that  it  does  not  occur 
at  the  values  of  blowing  rate  or  velocity 
ratio  used  in  many  applications.  At  least 
two  designs  to  prevent  or  reduce  blow-off 
have  been  tried.  One  involves  the  use  of 
multiple  rows  of  holes.  With  two  stag¬ 
gered  rows  of  holes,  as  shown  in  Figure  9, 
the  jets  emanating  from  the  upstream  row 
tend  to  fill  the  space  between  the  jets 
from  the  downstream  row.  This  provides 
more  blockage  across  the  span  of  the  tun¬ 
nel  by  the  jets,  affording  less  possibility 
for  the  mainstream  fluid  to  go  around  and  un¬ 
derneath  the  jets.  The  jets  are  essentially 
pressed  down,  maintaining  the  coolant  flow 
along  the  wall.  The  resulting  improvement 
in  effectiveness  is  shown  in  Figure  10, 
where  the  film  cooling  performance  of  a 
single  row  of  holes  is  compared  to  that  of 
two  staggered  rows  [8]. 
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Figure  9  Film  Cooling  Injection  with  Two 
Staggered  Rows  of  Holes 
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Figure  10  Local  Distribution  of  Effec¬ 
tiveness  for  M=0 . 5 

Another  means  of  having  the  injected  jets 
stay  close  to  the  wall  and  not  penetrate 
into  the  mainstream  involves  changing  the 
simple  geometry  of  a  round  tube.  The  tubes 
are  widened  near  their  exit  and  a  fairly 
straight  lip  is  used  as  the  downstream 
edge  of  the  hole.  This  is  to  simulate 
the  geometry  that  produces  a  two-dimensional 
jet  where,  in  the  absence  of  a  mainstream, 
a  Coanda-type  effect  might  cause  the  in¬ 
jected  flow  to  follow  more  closely  the 
surface  downstream  of  injection  [9]  .  Fi¬ 
gure  11  shows  flow  following  injection 
through  a  round  cylindrical  hole  and  through 
the  special  widened  or  shaped  hole.  Note 
that  both  in  the  absence  and  presence  of  a 
crossflow  or  mainstream  flow,  the  jet  leav¬ 
ing  the  shaped  hole  tends  to  stay  closer  to 
the  surface,  which  should  give  better  film 
cooling  performance.  Figure  12  shows  that, 
indeed,  superior  film  cooling  performance 
occurs  with  the  shaped  hole,  particularly 
at  the  high  blowing  rates,  where  the  jets 
from  the  shraight  holes  tend  to  lift  off 
the  surface  [91. 


Figure  11  Flow  Visualization  Study  of 

Jets  Leaving  a  Cylindrical  or 
Shaped  Channel 
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Figure  12  Centerline  Effectiveness  As  a 
Function  of  Blowing  Rate  For 
Injection  of  Air  Through  Straight 
Round  Holes  and  Shaped  Holes, 
Row  of  Holes  on  3  D  Spacing 

The  results  for  film  cooling  described 
above  refer  to  a  flat  surface  at  and  down¬ 
stream  of  injection.  However,  in  may  ap¬ 
plications,  including  those  on  a  turbine 
blade,  the  mainstream  flows  over  a  curved 
surface.  There  might  be  little  difference 
in  the  film  cooling  on  such  a  surface  fol¬ 
lowing  a  two-dimensional  slot.  With  flow 
through  discrete  holes,  however,  film  cool¬ 
ing  is  strongly  affected  by  surface  curva¬ 
ture. 

Consider  the  flow  of  a  jet  along  with  a 
mainstream  around  a  curved  surface.  For 
simplicity,  assume  the  velocity  of  the  jet 
is  in  the  same  direction  as  the  mainstream. 
Above  a  convex  surface,  the  pressure  in  the 
mainstream  flow  increases  with  distance 
from  the  wall.  Thus,  a  jet  of  relatively 
low  momentum  (compared  to  the  mainstream) 
might  be  pushed  by  this  pressure  gradient 
towards  the  wall,  tending  to  provide  good 
film  cooling.  If  the  jet  had  a  high  mo¬ 
mentum  t .ux  relative  to  that  of  the  free 
stream,  the  jet  might  tend  to  leave  the 
surface  on  the  convex  wall,  giving  rela¬ 
tively  poor  film  cooling.  Just  the  oppo¬ 
site  would  be  expected  to  occur  on  a  con-' 
cave  wall,  where,  at  relatively  low  velo¬ 
city  or  momentum  flux,  the  jet  could  be 
"pushed"  away  from  the  surface  by  the 
higher  pressure  near  the  surface.  At  high 
aiomcntum  flux  ratios  on  the  concave  sur¬ 
face,  the  jet  might  be  expected  to  impinge 
on  the  surface  downstream  of  injection, 
yielding  good  film  cooling. 

•l 

Experiments  were  performed  wjth  a  turbine 
cascade  in  which  the  geometry' of  the  blades 
corresponded  to  a  current  design  110] .  The 
mass  transfer  analogy  was  used  to  obtain 
an  impermeable  wall  effectiveness  on  the 
pressure  (concave)  and  suction  (convex) 
sides  of  a  blade.  A  comparison  of  these 
results  with  results  obtained  previously 
for  film  cooling  on  a  flat  surface  is  given 
in  Figure  13.  Note  that  at  low  blowing 
rates  (actually,  momentum  flux  ratio  in 
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Figure  13  Average  Film-Cooling  Effective¬ 
ness  As  a  Function  of  IcosJa 
for  Pj/p^O.BS 

mainstream  direction)  ,  there  is  consider¬ 
ably  better  film  cooling  performance  on 
the  convex  surface  than  on  the  flat  sur¬ 
face,  while  at  higher  blowing  rates,  where 
the  jet  would  tend  to  move  away  from  the 
surface,  the  convex  surface  gives  the 
poorer  film  cooling  performance.  Just  the 
opposite  occurs  on  the  pressure  (concave) 
side  of  the  blade,  where,  at  a  low  momen¬ 
tum  flux  ratio,  the  jet  is  "pushed"  by  the 
pressure  gradient  away  from  the  surface, 
giving  relatively  poor  film  cooling  effec¬ 
tiveness. 

The  influence  of  curvature  on  film  cooling 
is  very  important  with  a  single  jet  or  a 
single  row  of  jets.  This  has  not  always 
been  considered  when  predicting  cooling 
performance  on  turbine  blades.  Curvature 
would  not  be  expected  to  have  as  great  an 
influence  on  film  cooling  from  two  stag¬ 
gered  rows  of  holes  where  the  jets  tend  to 
merge  and  act  more  like  a  continuous  slot. 

Other  parameters  that  have  been  studied 
relative  to  their  influence  on  film  cool¬ 
ing  include  freestream  acceleration  [ID, 
freestream  turbulence  [12],  and  the  lami¬ 
nar  versus  turbulent  nature  of  both  the 
injected  coolant  flow  and  the  boundary 
along  the  surface  [13].  Modest  accelera¬ 
tion  of  the  mainstream  flow  does  not  have 
•  great  effect  on  film  cooling.  At  low 
blowing  rates,  high  turbulence  mixing  de¬ 
creases  somewhat  the  effectiveness  along 
the  center  line  of  the  injection  hole. 
Freestream  turbulence  intensity  does  not 
significantly  alter  the  lateral  distribu¬ 
tion  of  effectiveness,  while  changing  the 
turbulence  scale  does  affect  it  consider¬ 
ably.  When  the  coolant  flow  in  the  in¬ 
jection  hole  is  laminar,  the  effectiveness 
is-  lower  than  that  following  turbulent  in¬ 
fection.  This  lower  effectiveness,  parti¬ 
cularly  at  blowing  rates  near  where  lift¬ 
off  tends  to  occur,  is  apparently  due  to 
the  peaked  nature  of  the  velocity  profile 
with  laminar  flow. 


The  influence  of  coolant  injection  on  the 
heat  transfer  coefficient  is  shown  in 
Figure  14,  where  the  heat  transfer  coef¬ 
ficient  is.compared  to  that  which  would 
occur  in  the  absence  of  blowing  [14].  Note 
that  at  low  blowing  rates,  the  heat  trans¬ 
fer  coefficient  is  close  to  that  found  for 
xero  blowing,  as  is  also  true  some  dis¬ 
tance  downstream,  even  at  quite  high  blow¬ 
ing  rates.  The  results  on  this  figure  were 
taken  with  actual  heating  of  the  surface 
downstream  of  injection.  With  heating,  it 
is  difficult  to  get  accurate  values  of  the 
surface  heat  flux  close  to  the  injection 
hole  through  which  the  coolant  flows.  Ther¬ 
mal  conduction  through  the  wall  can  lead  to 
significant  errors  in  measurement  of  the 
local  heat  transfer  at  small  distances 
downstream  of  injection. 
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Figure  15  Contours  of  Constant  Values  of 
h/hQ  for  M  =  0.5 

ment  heat  transfer  was  concerned  with  flow 
from  a  single  round  jet  or  from  a  two-dimen¬ 
sional  slot  into  a  still  atmosphere.  The  in¬ 
fluence  of  crossflow  on  impingement  heat 
transfer,  however,  is  important  in  many  appli¬ 
cations.  Figure  16  shows  the  flow  of  an  im¬ 
pinging  jet  with  various  crossflows  at  right 
angles  to  the  jet  [16] .  At  low  values  of  the 
crossflow  (high  values  of  the  flow  parameter , 
M)  ,  the  jet  impinges  almost  directly  across 
from  its  exit  hole.  As  the  jet  flow  rela¬ 
tive  to  the  main  flow  decreases,  it  is 
turned  in  the  downstream  direction  until  at 
sufficiently  low  jet  velocity  it  appears  not 
to  impinge  at  all  on  the  opposing  surface. 


Figure  14  Variation  of  the  Center-Line 

Heat  Transfer  Coefficient  With 
Blowing  Rate 

As  an  alternate  technique,  a  mass  transfer 
analogy  using  the  sublimation  of  naphthlene 
was  used  [15].  Measurements  of  the  rela¬ 
tive  mass  transfer  rate  close  to  injec¬ 
tion  can  then  be  taken.  Figure  15  shows 
the  high  mass  transfer  coefficients  that 
occur  in  the  vicinity  of  the  injection 
hole.  Values  many  times  that  obtained  in 
the  absence  of  injection  occur  both  immedi¬ 
ately  adjacent  to  the  hole  and  immediately 
downstream  of  the  hole.  It  is  important 
to  know  the  heat  transfer  coefficients  in 
this  region  because  of  their  influence  on 
the  thermal  stresses  that  are  produced  by 
temperature  gradients  along  the  surface. 


IMPINGEMENT  COOLING 

In  many  applications,  very  high  local  heat 
transfer  can  be  obtained  with  impingement 
of  one  or  more  jets  onto  a  surface.  Such 
impingement  heat  transfer  is  used  in  cool¬ 
ing  of  many  systems,  including  the  leading 
•d;c  region  of  a  turbina  blade  (cf.  Fig.  1). 

The  high  heat  transfer  in  the  impingment 
region  is  primarily  due  to  the  high  velo¬ 
city  and  thin  boundary  layer  that  occur 
there.  Much  of  the  eerly  work  on  impinge- 
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Figure  16  Impinging  Jet  flow  for  Jct-to 
Wall  Spacing  of  Six  Diameters 
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In  measuring  heat  transfer  with  an  imping¬ 
ing  jet,  care  must  be  taken  because  of  the 
high  rates  of  heat  transfer  and,  therefore, 
small  temperature  differences  the*  occur  in 
the  region  of  impingement.  In  addition, 
the  recovery  temperature  along  the  wall  is 
not  easy  to  predict.  Recovery  factors, 
both  greater  and  less  than  unity,  are  mea¬ 
sured  in  the  impinging  region.  The  heat 
transfer  coefficient  should  be  defined 
using  the  temperature  of  the  wall  minus 
the  recovery  temperature. 

Figure  17  shows  the  influence  of  crossflow 
on  impingement  heat  transfer  [16].  At  re¬ 
latively  low  crossflow,  or  high  jet  velo¬ 
city,  the  maximum  heat  transfer  is  directly 
opposite  the  center  of  the  injection  hole. 
As  the  injection  velocity  decreases  for  a 
fixed  mainstream  flow,  the  peak  heat  trans¬ 
fer  decreases  and  the  location  of  the  peak 
moves  in  the  downstream  direction. 
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Figure  17  Heat  Transfer  Coefficient  For 
Jet  Impingement  With  Crossflow 

In  many  applications,  a  row  of  jets,  or 
perhaps  a  two-dimensional  array  of  jets 
is  used  to  cool  a  surface.  With  a  two- 
dimensional  array  there  is  often  a  cross- 
flow  from  the  spent  air  of  the  upstream 
jets.  The  heat  transfer  from  one  such 
two-dimensional  array  made  up  of  five  r,ows 
of  holes  is  shown  in  Figure  18  [17*5.  '  With 
this  array  the  crossflow  is  produced  by  the 
upstream  rows  of  jets.  The  maximum  heat 
transfer  at  the  first  row  of  holes  is  some¬ 
what  less  than  at  the  second  and  third 
rows,  while  the  peak  heat  transfer  for  the 
fourth  or  fifth  row  is  considerably  smal¬ 
ler.  In  addition,  there  is  a  displacement 
of  the  maxima  in  the  downstrpam  direction 
which  is  readily  apparent  for  the  down¬ 
stream  holes.  There  is  also^considerable 
variation  of  the  heat  transfer  between  the 
holes  of  an  individual  row. 


Figure  18  Spanwise  Average  Nuss-elt 

Number  For  Impingement  From 
An  Array  of  Jets 

CONCLUDING  REMARKS 

We  have  briefly  surveyed  studies  on  film 
cooling  and  impingement  heat  transfer  that 
have  been  conducted  at  the  University  of 
Minnesota.  Flow  phenomena  related  to  the 
interaction  of  discrete  :  jets  with  a  main¬ 
stream  are  quite  complex  and  far  from 
fully  understood.  Because  of  the  large 
structure  of  the  eddies  and  the  resulting 
complex  interactions,  it  is  difficult  to 
develop  good  analytical  or  numerical  pre¬ 
dictions  for  such  flows.  Several  semi- 
empirical  techniques  using  turbulent  eddy 
diffusivities  have  been  used  and  are  con¬ 
venient  for  developing  correlations.  These 
are  described  in  earlier  works.  Consider-, 
ably  more  experimental  and  numerical  work 
is  necessary  to  fully  take  into  account 
the  influence  of  such  things  as  surface 
curvature  and  injection  jet  geometry  on 
adiabatic  wall  temperature  and  local  heat 
transfer. 
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